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1.0 | NTRODUCTI ON

The 1990 Anendnments (1990 Amendnents) to the Clean Air Act
anmended title | of the Cean Air Act (ACT) by adding a new
subpart 2 to part D of section 103. The new subpart 2
addresses ozone nonattai nnent areas. Section 183 (c) of the
new subpart 2 provides that:

[Within 3 years after the date of the

enact nent of the [ CAAA], the Adm nistrator

shal | issue technical docunents which identify

alternative controls for all categories of

stationary sources of...oxides of nitrogen

which emit, or have the potential to emt

25 tons per year or nore of such pollutant.
These docunents are to be subsequently revised and updated as
the Adm ni strator deens necessary.

Fossil fuel-fired utility boilers have been identified as a
category of stationary sources that emt nore than 25 tons of
ni trogen oxides (NOy) per year. This alternative contro
t echni ques (ACT) docunent provides technical information for
State and | ocal agencies to use in devel oping and inplenenting
regul atory progranms to control NO; em ssions from fossi
fuel-fired utility boilers. Additional ACT docunents are
bei ng or have been devel oped for other stationary source
cat egori es.

The information provided in this ACT docunent has been
conpil ed from previ ous EPA docunents, literature searches, and
contacts with utility boiler manufacturers, individual utility

conpani es, engi neering and construction firns, control
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equi pnrent vendors, and Federal, State, and |ocal regulatory
agencies. A summary of the findings fromthis study is
presented in chapter 2.0. Descriptions of fossil fuel-fired
utility boilers are given in chapter 3.0. A discussion of
uncontrol | ed and baseline NOx em ssions fromutility boilers
is presented in chapter 4.0. Alternative NO control

techni ques and expected | evels of performance are discussed in
chapter 5.0. Chapter 6.0 discusses costs and cost

effecti veness of each NOy control technique. Chapter 7.0

di scusses the environnental and energy inpacts associated with
NOy control techniques. [Information used to derive the costs
of each NOyx control technology is contained in appendix A
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2.0 SUMVARY

The purpose of this docunent is to provide technical
information that State and | ocal agencies can use to devel op
strategies for reducing nitrogen oxides (NO) em ssions from
fossil fuel-fired utility boilers. This chapter presents a
summary of the information contained in this docunent,

i ncl udi ng uncontrolled and controll ed NOy emni ssions data,
alternative control techniques (ACT's), capital and annual
costs, cost effectiveness, and secondary environnental and
energy inpacts associated with the various NO¢ control

techni ques. Section 2.1 presents a summary of fuel use in
utility boilers, section 2.2 presents an overvi ew of NOy
formation, and section 2.3 describes utility boiler types and
uncontrol |l ed NOk em ssion levels. Section 2.4 gives an
overview of ACT's. The performance and costs of NOy controls
for coal-fired boilers is presented in section 2.5. The
performance and costs of NO¢ controls for natural gas- and
oil-fired boilers is given in section 2.6. Secondary

envi ronnmental inpacts of NOk controls are sunmarized in
section 2.7.

2.1 SUMVARY OF FUEL USE I N UTILITY BO LERS

As of year-end 1990, the operable capacity of U S. electric
power plants total ed approxi mately 690, 000 nmegawatts (MN. O
this, coal-fired generating capacity accounted for
approxi mately 43 percent, or 300,000 MW Coal that is fired
inutility boilers can be classified by different ranks, i.e.,
anthracite, bitum nous, subbitum nous, and lignite. Each rank
of coal has specific characteristics which can influence NO
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em ssions. These characteristics include heating val ue,
vol atile matter, and nitrogen content.

As of year-end 1990, natural gas- and oil-fired boilers
accounted for approximately 28 percent of the total U S
generating capacity. O this, natural gas-fired generating
capacity accounted for about 17 percent (120,000 MW and oil -
fired units, the remaining 11 percent (77,000 MN. The term
"fuel oil" covers a broad range of petrol eum products--from a
light petroleumfraction (simlar to kerosene) to a heavy
residue. However, utility boilers typically fire No. 6 oi
(residual oil).

2.2 OVERVI EW OF NOy FORMATI ON

The formation of NO¢ froma specific conbustion device is
determ ned by the interaction of chem cal and physical
processes occurring within the furnace. The three principal
NOy forms are "thermal"™ NOy, "pronpt" NO, and "fuel" NOx.
Thermal and fuel NOy account for the majority of the NO
formed in coal- and oil-fired utility boilers; however, the
relative contribution of each of the total NO¢ fornmed depends
on the conbustion process and fuel characteristics. Natural
gas contains virtually no fuel nitrogen; therefore, the
majority of the NOy in these boilers is thermal NO.

Thermal NOy¢ results fromthe oxidation of atnospheric
nitrogen in the high-tenperature, post-flane region of a
conmbustion system The major factors that influence therm
NO¢ formation are tenperature, concentrations of oxygen and
nitrogen, and residence tinme. |If the tenperature or the
concentration of oxygen or nitrogen can be reduced quickly
after combustion, thermal NOy formati on can be suppressed or
guenched.

Prompt NOy¢ is forned in the conbustion systemthrough the
reacti on of hydrocarbon fragnments and at nospheric nitrogen.
As opposed to the slower formation of thermal NOy, pronpt NO
is formed rapidly and occurs on a tinme scale conparable to the
energy release reactions (i.e., within the flame). Thus, it
i s not possible to quench pronpt NOy formation as it is for
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thermal NOy formation. However, the contribution of pronpt
NOx to the total NOy em ssions of a systemis rarely |arge.

The oxidation of fuel-bound nitrogen (fuel NO) is the
princi pal source of NO¢ em ssions from conbustion of coal and
sonme oils. Al indications are that the oxidation of fuel-
bound nitrogen conpounds to NOy is rapid and occurs on a tine
scal e conparable to the energy rel ease reactions during
conbustion. The primary technique for controlling the
formation of fuel NOy is delayed mxing of fuel and air so as
to pronote conversion of fuel-bound nitrogen to Np rather than
NOx. As with pronpt NO, fuel NO¢ formation cannot be
quenched as can thermal NO.

The formation of thermal, pronpt, and fuel NOy in conbustion
systens is controlled by nodifying the conbustion gas
tenperature, residence tine, and turbul ence (sonetines
referred to as the "three T's"). O primary inportance are
the | ocalized conditions within and i nmedi ately foll ow ng the
fl ame zone where nost conbustion reactions occur. In utility
boilers, the "three T's" are determ ned by factors associ at ed
wi th boiler and burner design, fuel characteristics, and
boi |l er operating conditions.

2.3 DESCRI PTI ON OF BO LER TYPES AND UNCONTRCLLED NOy
EM SSI ONS

The various types of fossil fuel-fired utility boilers
i nclude tangentially-fired, single and opposed wall-fired,
cell burner, cyclone, stoker, and fluidized bed conbustion
(FBC). Each type of furnace has specific design
characteristics which can influence NO; em ssions |evels.
These include heat rel ease rate, conbustion tenperatures,
resi dence tinmes, conbustion turbul ence, and oxygen | evels.

As nmentioned, NOy emission rates are a function of various
desi gn and operating factors. Pre-new source performnce
standards (NSPS) boilers were not designed to m nimze NO
em ssion rates; therefore, their NO¢ enmi ssions are indicative
of uncontrolled em ssion |evels. Boilers subject to the
subpart D or Da NSPS have sone type of NOyx control and their
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NOx em ssions are considered to be baseline em ssions. To
define uncontrolled NO; em ssions for the pre-NSPS boil ers,
em ssions data from various databases and utility retrofit
applications were exam ned. To define baseline NO em ssions
for the subpart D and Da boilers, the NSPS [imts as well as
em ssions data from vari ous dat abases were exam ned.
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2-1 summarizes the uncontroll ed and baseline NO; em ssion

| evel s fromconventional utility boilers. The NOk levels are
presented as a range and a typical level. The typical |evel
reflects the node, or nost common val ue, of the NO¢ em ssions
data in the various databases for the different types of
boi l ers.

The range reflects the NO¢ em ssions expected on a short-
termbasis for nost boilers of a given fuel and boiler type.
However, the actual NO¢ em ssions froma specific boiler may
be outside this range due to unit-specific design and
operating conditions. Additionally, averaging time has an
I mportant inpact on defining NO¢ |evels. The achievable
emssion limt for a boiler increases as the averaging tine
decreases. For exanple, a boiler that can achieve a
particular NO¢ limt on a 30-day basis may not be able to
achieve that same |imt on a 24-hour basis.

The tangential boilers are designed with vertically stacked
nozzles in the furnace corners that inject stratified |layers
of fuel and air into relatively |lowturbul ence areas. This
creates fuel-rich regions in an overall fuel-lean environnent.
The fuel ignites in the fuel-rich region before the |ayers are
m xed in the highly turbulent center fireball. Local peak
temperatures and thermal NOy are |owered by the off-
stoi chionetric conbustion conditions. Fuel NO formation is
suppressed by the delayed m xing of fuel and air, which allows
fuel -nitrogen conpounds a greater residence tine in a fuel-
rich environment.

Tangential boilers typically have the | owest NO¢ em ssions
of all conventional utility boiler types. As shown in
table 2-1, the coal-fired, pre-NSPS tangential boilers have
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NOx emissions in the range of 0.4 to 1.0 pound per mllion
British thermal unit (I b/MvBtu), with typical NO; em ssions of
0.7 I b/ MVBtu. For the tangential boilers subject to subpart D
standards, the NOk emi ssions are in the range of 0.3 to

0.7 Ib/MVBtu with typical NO¢ em ssions of 0.6 | b/MVBtu. The
NOx em ssions for the subpart Da boilers are in the range of
0.3 to 0.5 I b/MVBtu, with typical NOk em ssions of

0.5 | b/ MVBt u.

The oil-fired, pre-NSPS tangential boilers have NO
em ssions in the range of 0.2 to 0.4 | b/MvBtu (0.3 | b/ MVBtu
typical). For the boilers subject to subpart D and Da
standards, the NO; em ssions are in the range of 0.2 to
0.3 I b/MVBtu with typical em ssions of 0.25 [ b/MvBtu. The NOy
em ssions fromthe natural gas-fired, pre-NSPS tangenti al
boilers range fromO0.1 to 0.9 Ib/MvBtu (0.3 I b/MVBtu typical).
For the boilers subject to subpart D and Da standards, the NOy
em ssions are in the range of 0.1 to 0.2 | b/MVBtu wth typical
em ssions of 0.2 | b/ MVBtu.

The various types of wall-fired boilers include single,
opposed, and cell burner. Single wall-fired boilers have
several rows of burners nounted on one wall of the boiler,
whi |l e opposed wall-fired boilers have nmultiple rows of burners
nmount ed on the two opposing walls. Cell-burner units have two
or three vertically-aligned, closely-spaced burners, nounted
on opposing walls of the furnace. Single, opposed, and cel
burners boilers all have burners that inject a fuel-rich
m xture of fuel and air into the furnace through a centra
nozzle. Additional air is supplied to the burner through
surrounding air registers. O these types of wall-fired
boilers, the cell burner is the nost turbulent and has the
hi ghest NOy emni ssi ons.

Tabl e 2-1 presents the ranges and typical NO; em ssions for
wal |l -fired boilers. For the pre-NSPS, dry-bottom wall-fired
boilers firing coal, the NOtk em ssions are in the range of 0.6
to 1.2 | b/MVBtu wth typical NOt em ssions of 0.9 | b/ MvBtu.
The range of NOy em ssions for these boilers subject to
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subpart D and subpart Da are in the range of 0.3 to

0.7 Ib/MBtu and 0.3 to 0.6 | b/ MVBtu, respectively. The
typical NOt emissions for the subpart D, wall-fired boilers
are 0.6 | b/MvBtu, while 0.5 I b/MvBtu is typical for the
subpart Da boil ers.

The pre-NSPS, wet-bottom wall-fired boilers firing coal
have NOy em ssions in the range of 0.8 to 1.6 |b/MVBtu wth
typical NOy em ssions of 1.2 | b/MvBtu. The pre-NSPS cell-type
boi |l er has NOy em ssions in the range of 0.8 to 1.8 | b/ MVBtu
with typical NO¢ em ssions of 1.0 | b/ MvBtu.

The NOy em ssions for the oil-fired pre-NSPS wall boilers
are in the range of 0.2 to 0.8 Ib/MVBtu wth typical NO
em ssions of 0.5 | b/MVBtu. The natural gas-fired pre-NSPS
single wall-fired boilers have NO¢ emi ssions in the range of
0.1 to 1.0 Ib/MVBtu with typical NO¢ | evels of 0.5 | b/ MvBtu.
The opposed wall, pre-NSPS boilers firing natural gas ranged
from0.4 to 1.8 Ib/MVBtu with typical NO¢ of 0.9 | b/ MvBtu.

Vertical-fired boilers have burners that are oriented
dowmward fromthe top, or roof, of the furnace. They are
usual ly designed to burn solid fuels that are difficult to
ignite. The NOk em ssions fromthese boilers are shown on
table 2-1 and range fromO0.6 to 1.2 | b/ MVBtu. The typical NO
em ssions fromthese boilers are 0.9 I b/MvBtu. The verti cal
oil-fired boilers have NO¢ emissions in the range of 0.5 to
1.0 b/ MVBtu with typical NOk |evel of 0.75 | b/ MvBtu.

Anot her type of utility boiler is the cyclone furnace.

Cycl one furnaces are wet-bottomand fire the fuel in a highly
turbul ent conbustion cylinder. Table 2-1 shows the range (0.8
to 2.0 | b/MvBtu) and typical NO¢ level (1.5 | b/ MvBtu) for
these boilers. There have not been any wet-bottomwall-fired,
cell, cyclone, or vertical boilers built since the subpart D
or subpart Da standards were established.

St oker boilers are designed to feed solid fuel on a grate
within the furnace and renove the ash residual. The NOy
em ssions fromthese boilers are in the range of 0.3 to
0.6 I b/MvBtu with typical NO¢ |evels of 0.5 | b/ MVBtu
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Fl ui di zed bed conbustion is an integrated technol ogy for
reduci ng both sul fur dioxide (SOy) and NOk during the
conbustion of coal. These furnaces operate at nuch | ower
tenperatures and have | ower NO¢ em ssions than conventi onal
types of utility boilers. Wiile larger FBC units may be
feasible, at this tinme the | argest operating unit is 203 MN
Table 2-2
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TABLE 2-2. NO¢ EM SSI ON LEVELS FROM FLUI DI ZED BED
COMBUSTI ON BO LERS

NOy emi ssions@
Cl assification (1 b/ MVBt u)
Conmbustion controls only 0.1-0.3
(0.2)
Wth SNCRD 0.03-0.1
(0.07)

aNOy em ssions shown are the expected ranges from
table 4-5. The typical NOk |level is shown in parentheses.

bFI ui di zed bed boilers with SNCR reduction for NO control
as original equipnent.
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gives the NOx em ssions for the FBC using conbustion controls
tolimt NO formation, and al so when using sel ective
noncat al ytic reduction (SNCR). The NO¢ em ssions from FBC
wi thout SNCR are in the range of 0.1 to 0.3 | b/MVBtu with
typical NOy levels of 0.2 | b/MVBtu. The NOx em ssions from
FBC with SNCR are in the range of 0.03 to 0.1 | b/MVBtu with
typical NOk |levels of 0.07 | b/ MvBtu.

2.4 OVERVI EW OF ALTERNATI VE CONTROL TECHNI QUES

Al ternative control techniques for reducing NO¢ em ssions
fromnew or existing fossil fuel-fired utility boilers can be
grouped into one of two fundanentally different nethods--
conbustion controls and post-conbustion controls (flue gas
treatnent). Conbustion controls reduce NOk formation during
t he conbustion process and include nethods such as operati onal
nodi fications, flue gas recirculation (FGR), overfire air
(OFA), low NOk burners (LNB), and reburn. The retrofit
feasibility, NO¢ reduction potential, and costs of conbustion
controls are largely influenced by boiler design and operating
characteristics such as firing configuration, furnace size,
heat rel ease rate, fuel type, capacity factor, and the
condi tion of existing equipnent. Flue gas treatment controls
reduce NOy emissions after its formation and i nclude SNCR and
sel ective catalytic reduction (SCR).

Operational nodifications involve changing certain boiler
operational paraneters to create conditions in the furnace
that will |lower NO¢ em ssions. Burners-out-of-service (BOOS)
consi sts of renoving individual burners from service by
stopping the fuel flow The air flow is naintained through
the idle burners to create a staged-conbustion atnosphere
within the furnace. Low excess air (LEA) involves operating
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the boiler at the |lowest |evel of excess air possible wthout
j eopar di zi ng good conbustion. And, biased firing (BF)
involves injecting nore fuel to sonme burners and reducing the
amount of fuel to other burners to create a staged-conbustion
environment. To inplenment these operational nodifications,
the boiler nust have the flexibility to change conbustion
condi tions and have excess pul verizer capacity (for coal
firing). Due to their original design type or fuel
characteristics, sone boilers may not be anenable to the
distortion of the fuel/air mxing pattern i nposed by BOOS and
BF. Also, sone boilers nay already be operating at the | owest
excess air |level.

Flue gas recirculation is a flane-quenching strategy in
which the recirculated flue gas acts as a diluent to reduce
combustion tenperatures and oxygen concentrations in the
conmbustion zone. This nethod is effective for reducing
thermal NOy and is used on natural gas- and oil-fired boilers.
Flue gas recirculation can al so be conbined with operational
nodi fications or other types of conbustion controls on natural
gas- and oil-fired boilers to further reduce NO¢ em ssions.
Flue gas recirculation is used on coal-fired boilers for steam
tenperature control but is not effective for NO¢ control on
t hese boil ers.

Overfire air is another technique for staging the conbustion
process to reduce the formation of NOk,. Overfire air ports
are installed above the top row of burners on wall and
tangential boilers. The two types of OFA for tangenti al
boilers are cl ose-coupled overfire air (CCOFA) and separat ed
overfire air (SOFA). The CCOFA ports are incorporated into
the main wi ndbox whereas the SOFA ports are installed above
the main wi ndbox using separate ducting. The two types of OFA
for wall-fired boilers are anal ogous to the tangential units.
Conventi onal OFA has ports above the burners and utilizes the
air fromthe nmain wi ndbox. Advanced OFA has separate ductwork
above the nmain wi ndbox and, in sone cases, separate fans to
provi de nore penetration of OFA into the furnace.
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Low NOx burners are designed to delay and control the m xing
of fuel and air in the main conbustion zone. Lower conbustion
t enperatures and reduci ng zones are created by the LNB which
[ ower thermal and fuel NOt. Low NOy burners can sonetines be
fitted directly into the existing burner opening; however,
there may be instances where changes to the high-pressure
wat erwal | conponents may be required. Low NOy burners have
been applied to both tangentially- and wall-fired boilers in
new and retrofit applications. While tangential boilers have
"coal and air nozzles" rather than "burners" as in wall-fired
boilers, the term"LNB" is used in this docunent for both
tangential and wall applications.

Retrofit applications nust have conpati bl e and adequate
anci |l ary equi pnment, such as pulverizers and conbustion
control systems, to mnimze carbon nonoxi de and unburned
carbon em ssions and to optim ze the performance of the LNB
The NSPS subpart D and subpart Da standards have been net with
LNB on new boilers; however, they tend to have | arger furnace
vol umes than pre-NSPS boilers which results in | ower NO
em Ssi ons.

Low NO¢ burners and OFA can be conbined in sone retrofit
applications provided there is sufficient hei ght above the top
row of burners. However, there is limted retrofit experience
with combining LNB and OFA in wall-fired boilers in the United
States. There is nore experience in retrofitting LNB and OFA
in tangential boilers since nost LNB for these boilers use
sonme type of OFA (either CCOFA or SOFA). Some new boilers
subj ect to subpart Da standards have used a conbination of LNB
and OFA to neet the NO¢ limts. Low NOg burners can al so be
conbined with operational nodifications and flue gas treatnent
controls to further reduce NOy em ssions.

Reburn is a NOy control technol ogy that involves diverting a
portion of the fuel fromthe burners to a second conbustion
area (reburn zone) above the main conbustion zone. Conpletion
air (or OFA) is then added above the reburn zone to conplete
fuel burnout. The reburn fuel can be either natural gas, oil,
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or pulverized coal; however, nost of the experience is with
natural gas reburning. There are many technical issues in
appl yi ng reburn, such as nmintaining acceptabl e boiler
performance when a | arge anmount of heat input is noved from
the main conbustion zone to a different area of the furnace.
Utilizing all the carbon in the fuel is also an issue when
pul verized coal is the reburn fuel

Reburn can be applied to nost boiler types and is the only
known conbustion NOy control technique for cyclone boilers
al t hough flue gas treatnent controls may be effective on these
boilers. There are only four full-scale denonstrations of
reburn retrofit on coal-fired boilers in the United States,
two of which have been on cyclone boilers, one on a
tangentially-fired boiler, and one on a wall-fired boiler.

Al'l of these installations are on boilers smaller than 200 MV
There is one full-scale reburn + LNB project on a 150 MWwal | -
fired boiler. To date, there have not been any reburn
installations on new boil ers.

A simlar technology is natural gas co-firing which consists
of injecting and conbusting natural gas near or concurrently
with the main fuel (coal, oil, or natural gas). There is one
full-scale application of natural gas co-firing on a 400 MV
tangential, coal-fired boiler reported in this docunent.

Two commercially available flue gas treatnent technol ogies
for reducing NO¢ em ssions fromexisting fossil fuel utility
boilers are SNCR and SCR.  Sel ective noncatal ytic reduction
i nvol ves injecting ammonia (NH3) or urea into the flue gas to
yield elenmental nitrogen and water. By-product em ssions of
SNCR are NpO and NH3 slip. The NHg or urea nust be injected
into specific high-tenperature zones in the upper furnace or
convective pass for this nethod to be effective. |If the flue
gas tenperature at the point of NH3 or urea injection is above
the SNCR operating range, the injected reagent will oxidize to
formNOk. |If the flue gas tenperature is bel ow the SNCR
operating range, the reagent does not react with NO¢ and is
emtted to the atnosphere as NH3. Ammoni a em ssions nust be
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m ni m zed because NHz is a pollutant and can also react with
sul fur oxides in the flue gas to form ammonium salts, which
can deposit on downstream equi pnent such as air heaters.

The other flue gas treatnent nmethod, SCR, involves injecting
NH3 into the flue gas in the presence of a catal yst.
Sel ective catalytic reduction pronotes the reactions by which
NOx is converted to el enental nitrogen and water at |ower
tenperatures than required for SNCR. The SCR reactor can be
pl aced before the air preheater (hot-side SCR) or after the
air preheater (cold-side SCR). The catal yst may be nade of
precious netals (platinumor palladium, base netal oxides
(vanadium titani um are nost common), or zeolites (crystalline
al um nosilicate conpounds). The performance of the SCR system
is influenced by the flue gas tenperature and noisture, fuel
sul fur and ash content, NH3/ NOy ratio, NO¢ concentration at
the SCR inlet, oxygen level, flue gas flow rate, space
velocity, and catalyst condition. Wile SCR has been applied
to some natural gas- and oil-fired boilers in the United
States (primarily California), its use in the United States on
coal has been |imted to slip-stream applications. Severa
full-scale utility coal-fired SCR systens are currently under
construction on new boilers.

Fl ue gas treatnment controls can be conbined with conbustion
controls to achieve additional NOy reduction. Conceivably,
ei ther SNCR or SCR could be used with LNB; however, there is
only one application of SNCR + LNB in the United States on a
coal -fired boiler and it is in the early stages of
denonstration. Wen conbining LNB with SCR or SNCR, the
design of the systemis critical if the two NOy control
technol ogies are to achi eve maxi numreduction. In sone cases,
LNB can be designed to achieve the majority of the NO
reduction, with SNCR or SCR used to "trinl the NOk to the
desired | evel.
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2.5 SUMVARY COF PERFORMANCE AND COSTS OF NOy CONTROLS FOR
COAL- FI RED UTI LI TY BA LERS
2.5.1 Performance of NO¢ Controls
A summary of NOy em ssions fromcoal -fired boilers with
conmbustion NOy controls is given in table 2-3
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The table includes the NO¢ reduction potential, typical
uncontrol |l ed NOk | evels, expected controlled NOk |evels for
pre-NSPS boilers, and typical baseline NOk |evels for NSPS
boilers. The typical uncontrolled NOx | evels for the pre-NSPS
boilers are based on actual retrofit applications, published
I nformation, the National Uility Reference File (NURF), the
EPA's AP-42 emission factors, and utility-supplied data. For
the NSPS boilers, the typical baseline |levels were derived
from NOk em ssion data fromboilers with NOg controls as
original equipnment. The typical uncontrolled NOk |level for a
specific boiler may differ fromthose shown in table 2-3.
Therefore, the expected controlled NO; em ssion | evel should
be adjusted accordingly. The expected controlled NO; |evels
were determ ned by applying the range of NOy reduction
potential (percent) to the typical uncontrolled NO |evel.

Operational nodifications have been shown to reduce NOy
em ssions by 10-20 percent from pre-NSPS tangential boilers
fromuncontrolled NO¢ levels of 0.7 | b/MVvBtu to approxi mately
0.55 to 0.65 I b/MvBtu. Pre-NSPS wall-fired boilers with
uncontrol |l ed NOk em ssions of 0.9 | b/MvBtu nmay be reduced to
0.7 to 0.8 Ib/MvBtu with operational nodifications. Post-NSPS
boil ers may be originally designed to operate with LEA as part
of the overall NO¢ control strategy; therefore, additiona
reductions with operational nodifications may only reduce NOy
margi nally. There were no data avail abl e concerning the
ef fecti veness of operational controls on these boilers.

Em ssions data fromtwo pre-NSPS boilers indicate that
retrofit of OFA can reduce NOy em ssions from such boilers by
20 to 30 percent. Based on these data, pre-NSPS tangentia
boilers with retrofit OFA are expected to have control | ed NOy
em ssions of 0.50 to 0.55 I b/ MvBtu. Corresponding wall-fired
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boilers with uncontrolled NO levels of 0.9 | b/MVMBtu are
expected to have controlled NO¢ em ssions of 0.60 to

0.70 I b/MVBtu with OFA. However, not all pre-NSPS boilers
have enough furnace hei ght above the top row of burners to
accommodat e OFA ports.

Some NSPS boil ers have OFA as part of the original NO
control equipnent. One application of OFA on a subpart Da
boi l er was shown to reduce NOy by approxi mately 25 percent;
however, OFA and the original LNB did not reduce NOx to the
NSPS Iimt and the LNB had to be replaced. Another
application of OFA on a subpart D boiler reduced NOy by
approximately 20 percent to the NSPS |imt. There are no data
avai |l abl e concerning the effectiveness of retrofitting OFA on
a NSPS boiler.

Wth retrofit LNB (including CCOFA) on pre-NSPS tangentia
boil ers, the controlled NOy em ssions are expected to be
reduced by 35 to 45 percent to 0.40 to 0.45 | b/ MVBtu from an
uncontrolled level of 0.7 Ib/MVBtu. Wth LNB on wall-fired
boil ers, the NO; em ssions are expected to be reduced by 40 to
50 percent to 0.45 to 0.55 I b/ MvBtu froman uncontrolled | evel
of 0.9 Ib/MWBtu. The cell boilers are also expected to
average 0.45 to 0.50 I b/MvBtu with LNB (50 to 55 percent
reduction) froman uncontrolled |level of 1.0 | b/ MvBtu.

Results from 18 retrofit applications were used to estinmate
the effectiveness of LNB

Sonme post-NSPS boilers were designed with LNB to neet the
subpart D and subpart Da standards and the NO; em ssions are
in the range of 0.35 to 0.50 I b/MVBtu for tangential boilers
and 0.25 to 0.50 I b/MvBtu for wall boilers. Results from 22
new applications were used to estimate the effectiveness of
LNB.

For the pre-NSPS tangential boilers with retrofit LNB + CFA,
the controlled NOy em ssions are expected to be reduced by 40
to 50 percent to 0.35 to 0.40 | b/MVBtu froman uncontrolled
level of 0.7 Ib/MVBtu. Wall-fired boilers with uncontrolled
NOx of 0.9 | b/MVBtu are expected to be reduced to 0.35 to
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0.45 I b/MVBtu (50 to 60 percent reduction) with LNB + ACFA.
Cell-fired boilers are expected to average 0.40 to

0.50 I b/MvBtu (50 to 60 percent reduction) from an
uncontrolled level of 1.0 I b/MVBtu. The effectiveness of
LNB + OFA is based on 11 retrofit applications.

Sone post-NSPS boilers were designed with LNB + AOFA to neet
t he subpart D and subpart Da standards and the NO; em ssions
range from0.25 to 0.50 I b/MWBtu for tangential and 0.40 to
0.55 I b/MVBtu for wall boilers. As aretrofit control, the
conbi nation of LNB + AOFA may be applicable to only the
boilers with sufficient furnace height and volune to
accommodate the additional air ports. The effectiveness of
LNB + AOFA on new boilers is based on results fromtwo
appl i cations.

Wth reburn retrofit on pre-NSPS tangential boilers, the NO
em ssions are expected to be 0.30 to 0.35 I b/MVBtu. For the
wal | -fired boilers, the NOx emi ssions are expected to be 0.35
to 0.45 | b/ MVBtu, whereas the NO; em ssions are is expected to
be 0.6 to 0.75 I b/MvBtu for cyclone boilers. These em ssion
rates are based on limted data fromfour reburn retrofit
projects on pre-NSPS boilers | ess than 200 MNVin size. Based
on these data, 50 to 60 percent reduction is estinmated for al
boiler types. One natural gas co-firing application on a
450 mw coal -fired boiler yielded only 20 to 30 percent NOy
reduction. There are no NSPS boilers in operation with reburn
as original or retrofit equipnent. However, it is estinated
that these boilers can achieve approxi mately the sane
reduction (50 to 60 percent) as pre-NSPS boilers since they
may have | arge furnace vol unes and should be able to
accommodat e the reburn and conpletion air ports above the top
row of burners.
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As shown in table 2-4
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, applying SNCR to pre-NSPS tangential boilers is expected to
reduce NOy em ssions by 30 to 60 percent to 0.30 to

0.50 I b/MVBtu. For wall-fired boilers, the NO¢ em ssions are
expected to average 0.35 to 0.65 I b/ MBtu with SNCR It is
estimated that the range of
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controlled NO¢ em ssions fromthe cell and cyclone boilers
retrofit with SNCR would be 0.40 to 0.70 I b/MvBtu and 0.60 to
1.10 | b/ MVBtu, respectively. However, SNCR has not been
applied to any cell and cyclone boilers at this time. The
predi cted effectiveness of SNCR for pre-NSPS boilers is based
on three full-scale applications on coal-fired boilers (two
wal | -fired and one vertical-fired). There are no data
avai l abl e from any conventional NSPS utility boilers with SNCR
as original or retrofit equipnment. However, the same NO
reduction (30 to 60 percent) is expected on these boilers as
on pre-NSPS boilers.

The FBC boilers designed with SNCR as origi nal equi pnent
have NOy em ssions 50 to 80 percent |ower than FBC boilers
w t hout SNCR and have em ssions in the range of 0.03 to
0.10 I b/MVBtu. This is based on results from seven ori gi nal
applications of SNCR on FBC boil ers.

The remaining flue gas treatnent control, SCR, has had very
[imted application on coal firing in the United States.
However, SCR is being used in Japan and Germany on a nunber of
coal -fired utility boilers. Primary concerns associated with
transfer of foreign SCR performance data to the U S. are the
hi gher sulfur and alkali contents in many U. S. coals, both of
whi ch may act as catal yst poisons and thereby reduce catal yst
activity and lifetime. The predicted effectiveness of SCR is
75 to 85 percent, which is based on data fromthree pilot-
scale applications in the US. By retrofitting SCR on
pre-NSPS boil ers, the estimted NOk em ssions fromtangenti al
and wall boilers would be 0.10 to 0.20 | b/MvBtu and 0.15 to
0.25 | b/ MVBtu, respectively. Predicted em ssions from cel
and cycl one boilers would be 0.15 to 0.25 I b/MVBtu and 0.25 to
0.40 | b/MVBtu, respectively. Since there are no full-scale
applications on coal in the United States, the expected ranges
of NOy reduction and NO¢ emni ssions are estinmated.

The conbination of LNB + SNCR is estimated to reduce NOy
em ssions by 50 to 80 percent; however, this conbination of
controls has only been applied to one coal-fired boiler and
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the results indicate approxi mately 70 percent reduction. For
t he pre-NSPS tangential boilers, the NO¢ em ssions are
expected to be in the range of 0.15 to 0.35 I b/MvBtu. The NOy
em ssions fromthe pre-NSPS wall boilers are expected to be in
the range of 0.20 to 0.45 | b/MvBtu. For the cell boilers, the
NOy em ssions are expected to be in the range of 0.20 to

0.50 | b/ MvBtu. For the NSPS boilers, the NO¢ reduction from
LNB + SNCR i s expected to be the sane as SNCR alone (30 to

60 percent fromthe NSPS | evel s) since these boilers already
have LNB as original equipnent. However, there are no
applications of LNB + SNCR as origi nal equi pnment on new

boil ers yet.

By conmbining LNB + AOFA + SCR, it is estimated that 85 to
95 percent NOy reduction can be achieved on pre-NSPS boilers.
For these boilers, the NO( em ssions are expected to be in the
range of 0.05 to 0.15 | b/ MMBtu, depending on boiler type. For
t he NSPS boilers, the NO¢ reduction are expected to be the
sane as for SCR alone (75 to 85 percent from NSPS | evel s),
since these boilers may already have LNB + AOFA as ori gi nal
equi pnent. However, there are no applications of LNB + ACFA +
SCR as original equipnment in operation on new boilers at this
time. This conbination of controls has not been applied to
exi sting pre-NSPS boilers either; therefore, these reductions
and controlled levels are estimates only and have not been
denonstr at ed.

2.5.2 Costs of NOy Controls

The estimated costs for controlling NOy em ssions are based
on data fromutilities, technology vendors, and published
literature. The actual costs for both new and retrofit cases
depend on a nunber of boiler-specific factors, and a
particul ar NO; control technology may not be applicable to
sone individual boilers. The costs presented here are neant
to provide general guidance for determning costs for simlar
situations. The costs are presented in 1991 dol |l ars.

However, cost indices for 1992 dollars are only 0.85 percent
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lower than 1991 dollars; therefore, the values in this section
are indicative of the 1991-1992 ti meframe.
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Tabl e 2-5
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presents a summary of the cost effectiveness of various NOy
controls applied to coal-fired utility boilers. The costs
presented are for LNB, LNB + AOFA, reburn, SNCR, SCR, LNB +
SNCR, and LNB + AOFA + SCR applied to both tangential and wall
boilers. Costs for reburn, SNCR and SCR are given for
cyclone boilers, and costs for SNCR are given for FBC boilers.
The costs are based on various factors as described in chapter
6. The cost estimates for SNCR are for a | owenergy, urea-
based SNCR system as they were found to be conparable in cost
to a high-energy NH3-based SNCR system

For tangential boilers, the cost effectiveness ranges froma

| ow of $100 per ton for LNB (a new 600 MW basel oad boiler) to
a high of $12,400 per ton for LNB + AOFA + SCR (a 100 MWV
peaki ng boiler and a 2-year catalyst life). The retrofit of
LNB or LNB + ACFA is estimated to result in the | east cost per
ton of NO¢ renoved for the tangential boilers. The cost
ef fectiveness for LNB ranges from $100 to $1, 800 per ton. The
cost effectiveness for LNB + AOFA ranges from $170 to $3, 300
per ton. The primary cause of the higher cost effectiveness
values is boiler duty cycle (i.e., capacity factor). The
retrofit of SCR or LNB + AOFA + SCR is estimated to be the
hi ghest cost per ton of NOx renpved. The cost effectiveness
for SCR ranges from $1,580 to $12, 200 per ton. The cost
ef fectiveness for LNB + AOFA + SCR ranges from $1,500 to
$12, 400 per ton.

2-30



Figure 2-1
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shows the NOy control cost effectiveness for a 300 MV

basel oad tangential boiler. As shown, LNB and LNB + ACFA have
the | owest cost effectiveness for controlled NOk |evels of
0.35to 0.45 I b/MvBtu. The large variation in reburn cost

ef fectiveness (on this and other figures in the section) is
driven primarily by the fuel price differential between
natural gas and coal ($0.50 to $2.50/MvBtu). The cost

ef fecti veness of individual control technigues increases as
the controll ed NOy em ssions decrease.
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For wall boilers, the cost effectiveness ranges froma | ow
of $180 per ton for LNB (a new 600 MWV basel oad boiler) to a
hi gh of $11,100 for LNB + ACFA + SCR (a 100 MW peaki ng boil er
and a 2-year catalyst life). Typically, the retrofit of LNB
or LNB + AOFA is estimated to result in the | owest cost per
ton of NO¢ renoved for the wall boilers. The cost
ef fectiveness for LNB ranges from $180 to $3,200 per ton. The
cost effectiveness for LNB + AOFA ranges from $270 to $5, 470
per ton. The retrofit of SCR or LNB + AOFA + SCR i s estimated
to have the highest cost per ton of NO renoved. The cost
ef fectiveness of SCR ranges from $1,290 to $9, 650 per ton.
The cost effectiveness of LNB + AOFA + SCR ranges from $1, 300
to $11,100 per ton.
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Figure 2-2
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shows the NO¢ control cost effectiveness for a 300 MWV

basel oad wall boiler. As shown, LNB and LNB + ACFA have the

| owest cost effectiveness for controlled NO¢ levels of 0.35 to
0.55 I b/MVBtu. Reburn is also cost effective if the price of
the reburn fuel is econom cal.

Estimated cost effectiveness for reburn, SNCR and SCR for
cyclone boilers are also shown in table 2-5. The retrofit of
reburn and SNCR has the | owest estimated cost per ton of NO
renoved whereas retrofitting SCR has the highest. The cost
ef fecti veness of reburn ranges from $290 to $2, 770 per ton and
the cost effectiveness of SNCR ranges from $510 to $1, 780 per
ton. The cost effectiveness of SCR ranges from $810 to $5, 940
per ton. Figure 2-3
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shows the NO¢ control cost effectiveness for a 300 MWV
basel oad cyclone boiler. The large variation in SNCR cost
effectiveness is driven primarily by the variability in
chem cal costs and NOy reductions anmong individual boilers.

The cost effectiveness for SNCR applied to FBC boilers is
given in table 2-6
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and ranges froma | ow of $1,500 per ton (200 MW basel oad) to
a high of $5,400 per ton (50 MWcycling). In all cases,
the factor having the greatest potential inpact on the cost
effectiveness of NO¢ controls is boiler capacity factor.
Dependi ng on the control technol ogy, the cost effectiveness
associ ated with reducing NOk em ssion from

2-42



2-43



2-44



a peaking-duty boiler (10 percent capacity factor) is 2 to 5
times higher than for a basel oad boiler (65 percent capacity
factor). Oher significant factors influencing control
technol ogy cost effectiveness are the economc |ife of the
control system the boiler size, and the uncontrolled NO
| evel .
2.6 SUMVARY OF PERFORMANCE AND COSTS OF NOy CONTROLS FOR
NATURAL GAS- AND O L-FIRED UTILITY BO LERS

2.6.1 Performance of NO, Controls

A summary of NOy em ssions fromnatural gas- and oil-fired
boilers with retrofit conmbustion controls is given in
table 2-7
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The table includes the NO¢ reduction potential for each
t echnol ogy, typical uncontrolled NOk |evels, and expected
controlled NO¢ | evels. These data are based on actual
retrofit applications, published literature, NURF, the EPA' s
AP-42 em ssion factors, and information obtained from
utilities. The typical uncontrolled NO | evel for a specific
boiler may differ fromthose shown in table 2-7. Therefore,
t he expected controlled NOy em ssion | evel should be adjusted
accordingly. The expected controlled NO; | evels were
determ ned by applying the range of NOy reduction potential
(percent) to the typical uncontrolled NO |evel.

For pre-NSPS tangential boilers, the uncontrolled NO |evel
of 0.30 I b/MWBtu is expected to be reduced to 0.15 to
0.20 I'b/MVBtu (30 to 50 percent reduction) with operationa
nodi fications such as BOOS + LEA. Correspondi ng pre- NSPS
wal | -fired boilers with uncontrolled NO¢ em ssions of
0.50 | b/ MVBtu are expected to be reduced to 0.25 to
0.35 Ib/MVBtu with operational nodifications. Data was not
avai |l abl e for operational controls on boilers subject to
subpart D and subpart Da standards; however, it is estinmated
that these boilers may achi eve approxi mately the sane
reduction (30 to 50 percent) as the pre-NSPS boilers. The
ef fecti veness of operational controls are based on eight
retrofit applications.
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The pre-NSPS tangential boilers are expected to reduce NOy
froman uncontrolled |evel of 0.30 Ib/MvBtu to a controlled
NOx level of 0.15 to 0.20 I b/MvBtu with FGR (45 to 55 percent
reduction). Corresponding wall-fired boilers are expected to
have controlled NOy em ssions of 0.25 to 0.30 |b/MVBtu wth
FGR.  The post-NSPS boilers are expected to achieve the sane
percent reduction as the pre-NSPS boilers (45 to 55 percent).
The effectiveness of FGR is based on two retrofit
applications.

Wth retrofit OFA on pre-NSPS tangential boilers, the
controll ed NOy em ssions are expected to be 0.15 to
0.30 I b/MvBtu and the wall-fired boilers are expected to be
0.30 to 0.45 I b/ MVBtu. Sone post-NSPS boilers nay be designed
or retrofitted with OFA to neet the subpart D and subpart Da
standards and are expected to be in the range of 0.10 to
0.25 I b/ MVBtu dependi ng on fuel. However, OFA is typically
conbi ned with other conbustion nodifications such as LEA
rat her than used al one. The estinated percent reduction is
based on four applications of OFA + LEA on pre-NSPS boil ers.

Wth retrofit LNB on pre-NSPS tangential boilers, the
controll ed NOk em ssions are expected to be 0.15 to
0.20 Ib/MVBtu and the wall-fired boilers are expected to be
0.25 to 0.35 I b/MvBtu (30 to 50 percent reduction). Sone
post-NSPS wal | and tangential boilers my be designed with LNB
to nmeet the subpart D and subpart Da standards and are in the
range of 0.10 to 0.25 | b/ MVBtu depending on fuel. Results
fromsix pre-NSPS retrofit applications were used to estimte
the effectiveness of LNB.

By conbining FGR + BOOS (or OFA) + LNB on pre-NSPS
tangential and wall boilers, the controlled NO¢ em ssions are
expected to be 0.05 to 0.20 | b/ MvBtu. Sone post-NSPS boilers
may be designed with FGR + BOOS + LNB that neet the subpart D
and subpart Da standards and are in the range of 0.05 to
0.25 I b/MVBtu. These results are based on two pre- NSPS
boi | ers.
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Wth reburn on pre-NSPS tangential and wall boilers firing
oil, the NOk em ssions are estimated to be 0.10 to
0.20 I b/MvBtu and 0.20 to 0.25 I b/ MVBtu, respectively.
However, reburn experience on oil-fired boilers is very
limted and the expected controlled em ssions are esti nmated.
There are no post-NSPS oil-fired boilers with reburn as
original equipnent. The effectiveness of reburn on oil-fired
boilers is based on the coal -fired experience and is estinmated
to be 50 to 60 percent reduction.
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presents a summary of expected NOy em ssions from natural
gas- and oil-fired boilers with flue gas treatnent al one and
conbi ned with conbustion controls. For pre-NSPS tangenti al
boilers wth SNCR the expected controlled NOt level is
expected to be 0.20 to 0.25 | b/ MVBtu, whereas the range for
wal |l -fired boilers is 0.30 to 0.40 I b/MvBtu (25 to
40 percent). These results are based on two SNCR application
on oil boilers and ten SNCR applications on natural gas
boil ers. For post-NSPS boilers with SNCR, the expected
controlled NOt level is 0.10 to 0.25 I b/MvBtu retrofit
dependi ng on boiler type. However, there are no data from
post - NSPS boilers with SNCR, nor are there data from post- NSPS
boil ers designed with SNCR as original equipnent. Therefore,
t hese reductions and controlled | evels are estinated.

For pre-NSPS tangential boilers, the expected controlled NO
is 0.03 to 0.10 Ib/MwBtu with retrofit SCR.  The expected
controlled NO for wall-fired boilers is 0.05 to
0.10 I b/MVBtu. For post-NSPS boilers, the expected controlled
NO«x levels is 0.05 to 0.25 | b/ MVBtu dependi ng on boiler type.
These results are based on one pilot-scale and one full-scale
application. There are no data from post-NSPS boilers with
retrofit SCR, nor are there data from post-NSPS boilers
designed with SCR as original equipnent. Therefore, these
reductions and controlled levels are estimtes only.

The conbination of LNB + SNCR is estimated to reduce NOy
em ssions by 70 to 80 percent and data from one application of
LNB + OFA + SNCR on a coal -fired boiler shows 70-85 percent
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reduction across the |oad range. For pre-NSPS tangenti al
boilers, the NO; em ssions are expected to be in the range of
0.05 to 0.10 I b/MvBtu. For pre-NSPS wall-fired boilers, the
NOx em ssions are expected to be 0.01 to 0.15 | b/ MVBtu. There
are no data from post-NSPS boilers with LNB + SNCR as ori gi nal
or retrofit equipnment; therefore, these reductions and are
estimated controlled | evels.

By conmbining LNB + AOFA + SCR, it is estimated that 85 to
95 percent NOy reduction can be achieved. The NOy em ssions
are expected to be in the range of 0.02 to 0.1 | b/MVBtu and
the post-NSPS boilers are expected to be in the range of 0.05
to 0.25 I b/MVBtu. This control technol ogy conbi nati on has not
yet been applied to existing or new boilers; therefore, these
reductions and controlled | evels are estinmates.

2.6.2 Costs of NOy Controls
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presents a summary of the cost effectiveness of various NOy
controls applied to natural gas- and oil-fired utility
boilers. The costs presented are for LEA + BOOS, LNB, LNB +
AOFA, reburn, SNCR, SCR, LNB + SNCR, and LNB + ACFA + SCR
applied to both tangential and wall boilers. The costs are
based on the various factors described in chapter 6.

For tangential boilers, the cost effectiveness ranges froma
| ow of $70 per ton for LEA + BOOS (a new 600 MW basel oad
boiler) to a high of $16,900 per ton for LNB + ACFA + SCR
(100 MWoil -fired peaking boiler and a 3-year catalyst life).
The retrofit of LEA + BOOS or LNB is estimated to have the
| owest cost per ton of NOy renpved for the tangential boilers.
The cost effectiveness value of LEA + BOOS ranges from $70 to
$500 per ton. The cost effectiveness value for LNB ranges
from $250 to $4, 200 per ton. The retrofit of SCR or LNB +
AOFA + SCR is estimated to have the hi ghest cost per ton of
NOyx renoved. The cost effectiveness value of SCR ranges from
$1,530 to $11, 700 per ton for natural gas-fired units and from
$1,800 to $14,700 per ton for oil-fired units. The cost
ef fecti veness of LNB + ACFA + SCR ranges from $1, 650 to
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$14, 200 per ton for natural gas-fired units and from $1,900 to
$16, 900 per ton for oil-fired units. Figure 2-4
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shows the NO¢ control cost effectiveness for a 300 MWV

basel oad tangential boiler. As shown, LEA + BOOS and LNB have
the | owest cost effectiveness value for controlled NO
emssions of 0.1 to 0.2 | b/MVBtu. For controlled NO

em ssions of less than 0.1 [ b/MVBtu the cost effectiveness

I ncreases.

For the wall boilers, the cost effectiveness ranges froma

| ow of $40 per ton for LEA + BOOS (a new 600 MW basel oad
boiler) to a high of $12,700 per ton for LNB + ACFA + SCR
(100 MWoil -fired peaking boiler and a 3-year catalyst life).
The retrofit of LEA + BOOS or LNB is estimated to have the

| owest cost per ton of NOy renpved for the wall boilers. The
cost effectiveness of LEA + BOOS ranges from $40 to $300 per
ton. The cost effectiveness of LNB ranges from $300 to $5, 800
per ton. The retrofit of SCR or SCR + LNB + AOFA is estinated
to be the highest cost per ton of NOy renoved. The cost

ef fecti veness of SCR ranges from $970 to $7, 200 per ton for
natural gas-fired units and from $1,130 to $8, 940 per ton for
oil-fired units. Figure 2-5

2-62



pail)-|lo pue

-seb

|e Jn jeu

10 ] SSBUaA1108)J8 1S09

|0 1]1U0d

2-63



shows the NO¢ control cost effectiveness for a 300 MWV

basel oad wall boiler. As shown, LEA + BOOS and LNB have the

| onwest cost effectiveness for controlled NO¢ em ssions of 0.25
to 0.35 | b/MvBtu. For controlled NOt em ssions of |ess than
0.25 | b/ MMBtu, the cost effectiveness increases.

The effects of various plant paraneters (e.g., capacity
factor, economc |life, boiler size, uncontrolled NO |evels)
on the cost effectiveness of individual NO¢ controls are
simlar to those for coal-fired boilers. Due to |ower
uncontroll ed NO¢ | evels, the cost effectiveness of applying
controls to oil- and natural gas-fired boilers is higher than
for coal-fired boilers.

2.7 SUMVARY OF | MPACTS OF NOy CONTROLS
2.7.1 |lnpacts from Conbustion NOy Controls

Conmbustion NOk controls suppress both thermal and fuel NO

formati on by reducing the peak flane tenperature and by
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del aying the mxing of fuel with the conbustion air. However,
this can result in a decrease in boiler efficiency for several
reasons. For coal-fired boilers, an increase in carbon
nmonoxi de (CO em ssions and unburned carbon (UBC) |evels, as
wel | as changes in the thermal profile and heat transfer
characteristics of the boiler, may result from conbustion
controls. For natural gas- and oil-fired boilers, CO

em ssions could al so increase, although adverse effects are
infrequently reported fromthese boilers. The effects from
conmbustion NOy controls are influenced by boiler design and
operational characteristics such as furnace type, fuel type,
condition of existing equipnent, and age.
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summari zes the inpacts from conbusti on NO¢ controls on fossi
fuel -fired utility boilers. Based on limted data, the CO
em ssions increase on nost installations with use of
operational nodifications on coal-fired boilers and decrease
on natural gas and oil boilers. There were no reported
effects on UBC |l evels or boiler efficiency with the use of
operational nodifications.

Overfire air on one coal-fired boiler resulted in a 5 to
85 parts per mllion (ppm decrease in CO em ssions from
uncontrolled levels. The level of CO em ssions with OFA on
the natural gas- and oil-fired boilers ranged from 26-830 ppm
The UBC | evel for coal-fired boilers increased approxi mately
two- to three-fold with OFA and the boiler efficiency
decreased by 0.4 to 0.7 percentage points.

Low NOk burners retrofit on coal-fired boilers resulted in
an increase of both CO and UBC for nost applications, and the
boil er efficiency decreased by 0.5 to 1.5 percentage points.
For natural gas- and oil-fired boilers, the controlled |evel
of COwas 1 to 220 ppm There were no reported effects on
boiler efficiency for these boilers.

The conbi nati on of LNB and OFA on coal -fired boilers
resulted in a slight increase in both CO and UBC. The boiler
ef ficiency decreased by 0.2 to 0.9 percentage points. There
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were no reported effects on the natural gas- and oil-fired
boilers wth LNB and CFA.

Wth reburn applied to coal-fired boilers, both CO and UBC
i ncreased and the boiler efficiency decreased by 0.5 to
1.5 percentage points. There were no data available for
reburn applied to oil-fired boilers.
2.7.2 lnpacts fromFlue Gas Treatnent Controls

Fl ue gas treatnent controls renove NOk by a reaction of
injected NH3 or urea in the upper furnace or the convective
pass or by a reaction of NH3 in the presence of a catal yst at
| ower tenperatures. These controls can produce unreacted
reagents in the formof NH3 slip which can be emtted into the
at nosphere or can be adsorbed onto the fly ash. The NH3 slip
can also react with sulfur trioxide (SO3) fromfiring coal or
oi | and deposit as ammoni um sul fate conpounds i n downstream
equi pmrent. N trous oxide (NpO em ssions are typically higher
on boilers with urea-based SNCR systens. Very |linmted data
are avail abl e; however, NH3-based SNCR may yield NoO | evel s
equal to 4 percent of the NOy reduced and urea-based SNCR may
yield NoO levels of 7 to 25 percent of the NOy reduced. Flue
gas treatnent controls also require additional energy to run
punps, heaters, auxiliary process equipnent, and to overcone
any additional pressure drop due to the catalyst beds or from
downst ream equi pnent that may be plugged. The additiona
pressure drop from downstream equi pnent pluggi ng could
ultimately affect unit availability.
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summari zes the inpacts from SNCR and SCR systens. |ncreases
of CO em ssions due to the urea-based SNCR system have been
reported since urea (NHpCONHp) has CO bound in each nol ecul e
injected. |If that COis not oxidized to COp, then CO w ||
pass through to the stack. AmmoDni a- based SNCR does not

contai n bound CO, so use of NHz as an SNCR reagent woul d not

i ncrease stack em ssions of either COor COp. The NHz slip
for these fossil fuel-fired boilers ranged from10 to 110 ppm
For FBC, the CO emi ssions were in the range of 10 to 110 ppm
and NH3 slip was in the range of 20 to 30 ppm
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Limted data were available for installation of SCR in the
United States. There were no data for SCR on CO em ssions
fromthe pilot- or full-scale applications. The NH3 slip for
the pilot-scale SCR application on coal and oil was | ess than
20 ppm The NHz slip for one full-scale SCR application on
natural gas and oil was in the range of 10 to 40 ppm
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3.0 OVERVI EW AND CHARACTERI ZATI ON OF UTI LI TY BO LERS

This chapter presents an overview and characterization of
utility boilers. The chapter is divided into four main
sections: wutility boiler fuel use in the United States,
fossil fuel characteristics, utility boiler designs, and the
i npact of fuel properties on boiler design.

3.1 UTILITY BOLER FUEL USE IN THE UNI TED STATES

Approxi mately 71 percent of the generating capability of
el ectrical power plants in the United States is based on
fossil fuels, as shown in figure 3-1
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Percent Cenerating Capability by Energy Source,

Figure 3-1.
as of Decenber 31, 1990
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.1 Generating capability is the actual electrical generating
performance of the unit. The primary fossil fuels burned in
electric utility boilers are coal, oil, and natural gas. O
these fuels, coal is the nost w dely used, accounting for

43 percent of the total U S. generating capability and

60 percent of the fossil fuel generating capability. Coal
generating capacity is followed by natural gas, which
represents 17 percent of the total generating capability and
24 percent of the fossil fuel generating capability. Gl
represents 11 percent of the total and 15 percent of the
fossil fuel generating capability.
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As shown in figure 3-2

3-79



Coal -Fired Generating Capability, as of

Fi gure 3-2.
December 31, 1990
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, nost of the coal-firing capability is east of the

M ssissippi River, with the significant remai nder being in
Texas and the Rocky Mountain region.? Natural gas is used
primarily in the South Central States and California as shown
in figure 3-3
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Gas-Fired Generating Capability, as of

Fi gure 3-3.
December 31, 1990

3-82



.3 QI is predominantly used in Florida and the Northeast as
shown in figure 3-4

3-83



Ol-Fired Generating Capability, as of

Fi gure 3-4.
December 31, 1990
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.* Fuel econonics and environnental regul ations
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frequently affect regional use patterns. For exanple, coal is
not used in California because of stringent air quality
limtations.
3.2 FOSSIL FUEL CHARACTERI STI CS

This section contains information on the three fossi

fuels used for electric power generation: coal, oil, and
nat ural gas.
3.2.1 Coal

Coal s are classified by rank, i.e., according to their

progressive alteration in the natural netanorphosis from
lignite to anthracite. Volatile matter, fixed carbon,

i nherent noisture and oxygen are all indicative of rank, but
no one itemconpletely defines it. The American Society for
Testing and Materials (ASTM classified coals by rank,
according to fixed carbon and volatile matter content, or
heating (calorific) value. Calorific value is calculated on a
noi st, mneral-matter-free basis and shown in table 3-1
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.°> The ASTM cl assification for high rank (ol der) coals uses
volatile matter and fixed carbon contents. The coal rank
i ncreases as the anount of fixed carbon increases and the
amounts of volatile matter and noi sture decrease. Misture
and volatile matter are driven fromthe coal during its
nmet anor phi sm by pressure and heat, thus raising the fraction
of fixed carbon. These values are not suitable for ranking
| ow rank coals. Lower ranking (younger) coals are classified
by calorific (heating) value and caking (aggl onmerati ng)
properties which vary little for high rank coal s but
appreci ably and systematically for |ow rank coal s.

The conponents of a coal are customarily reported in two
di fferent anal yses, known as "proximate" and "ultimte."
Proxi mat e anal ysis separates coal into four fractions:
(1) water or nmoisture; (2) volatile matter, consisting of
gases and vapors driven off when coal is heated; (3) fixed
carbon, the coke-like residue that burns at higher
tenperatures after the volatile nmatter has been driven off;
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and (4) mneral inpurities, or coal ash, left when the coal is
conpl etel y conbust ed.

In addition to proximte anal ysis, which gives
informati on on the behavior of coal when it is heated,
"ultimate anal ysis" identifies the primary elenents in coal
These el enments include carbon, hydrogen, nitrogen, oxygen, and
sulfur. Utinmte anal yses may be given on several bases,
according to the application. For coal classification, the
nmoi st, mneral-matter-free basis is generally used. For
conbustion cal cul ations, coal is analyzed as-received,

i ncludi ng nmoi sture and mneral matter. Table 3-2
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presents sources and anal yses of various ranks of as-received
coals.®*” The nitrogen contents of these coals are generally
| ess than 2 percent and does not vary systematically with coal
r ank.
Vari ous physical properties of coal such as the type and
di stribution of mneral matter in the coal and the coal's
"sl aggi ng" tendencies are of inportance when burning coal.
M neral matter influences options for washing the coal to
renove ash and sul fur before conbustion, the perfornmance of
air pollution control equipnent, and the disposal
characteristics of ash collected fromthe boiler and air
pol lution control equiprment. Sl agging properties influence
the sel ection of boiler operating conditions, such as furnace
operating tenperature and excess air levels, and the rate and
efficiency of coal conversion to usable thermal energy.
3.2.1.1 Anthracite Coal. Anthracite is a hard,
sl ow burni ng coal characterized by a high percentage of fixed
carbon, and a | ow percentage of volatile matter. Anthracite
coals typically contain 0.8 to 1.0 wei ght-percent nitrogen.?
Because of its low volatile matter, anthracite is difficult to
ignite and is not conmonly burned in utility boilers.
Specific characteristics of anthracitic coals are shown in
tables 3-1 and 3-2. In the United States, conmerci al
ant hracite production occurs al nost exclusively in
Pennsyl vani a.
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3.2.1.2 Bitumnous Coal. By far the |argest group,
bi t um nous coal s are characterized as having a | ower
fi xed-carbon content, and higher volatile matter content than
anthracite. Typical nitrogen levels are 0.9 to 1.8 weight-
percent.® Specific characteristics of bitunminous coals are
shown in tables 3-1 and 3-2. Bitum nous coals are the prinmary
coal type found in the United States, occurring throughout
much of the Appal achian, M dwest, and Rocky Mountai n regions.
Key di stingui shing characteristics of bitum nous coal are its

relative volatile matter and sul fur content, and its sl agging
and aggl onerating characteristics. As a general rule, |ow
volatile-matter and | ow sul fur-content bitum nous coals are
found in the Southern Appal achi an and the Rocky Mbunt ain
regions. Although the anount of volatile matter and sulfur in
coal are independent of each other, coals in the northern and
central Appal achian region and the M dwest frequently have
mediumto high contents of both

3.2.1.3 Subbitum nous Coal. Subbitum nous coal s have
still higher noisture and volatile matter contents. Found
primarily in the Rocky Mountain region, U S. subbitum nous
coal s generally have |ow sulfur content and little tendency to
aggl onerate. The nitrogen content typically ranges fromO. 6
to 1.4 weight-percent.® Specific characteristics of
subbi tum nous coals are shown in tables 3-1 and 3-2. Because
of the Iow sulfur content in many subbitum nous coals, their
use by electric utilities grewrapidly in the 1970's and
1980' s when | ower sul fur dioxide (SOp) em ssions were
mandat ed. Their hi gher npisture content and resulting | ower
heati ng val ue, however, influence the econom cs of shi pping

and their use as an alternate fuel in boilers originally
desi gned to burn bitum nous coal s.

3.2.1.4 Lignite. Lignites are the |east netanorphesized
coal s and have a noi sture content of up to 45 percent,
resulting in | ower heating values than hi gher ranking coals.
The nitrogen content of lignites generally range fromO0.5
to 0.8 weight-percent.® Specific characteristics of lignite
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are shown in tables 3-1 and 3-2. Commercial lignite
production occurs primarily in Texas and North Dakot a.
Because of its high noisture content and | ow heating val ue,
lignite is generally used in power plants |ocated near the
produci ng m ne.

3.2.2 Ol

Fuel oils produced fromcrude oil are used as fuels in
the electric utility industry. The term"fuel oil" covers a
broad range of petroleum products, froma |light petroleum
fraction simlar to kerosene or gas oil, to a heavy residue
left after distilling off fixed gases, gasoline, gas oil, and

ot her lighter hydrocarbon streans.

To provide comrercial standards for petrol eumrefining,
speci fications have been established by the ASTM for several
grades of fuel oil and are shown in table 3-3
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.? Fuel oils are graded according to specific gravity and
viscosity, the lightest being No. 1 and the heaviest No. 6.
Typi cal properties of the standard grades of fuel oils are

given in table 3-4
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10,11

Conpared to coal, fuel oils are relatively easy to burn
Preheating is not required for the lighter oils, and nost
heavier oils are also relatively sinple to handle. Ash
content is mniml conpared to coal, and the anmount of
particulate matter (PM in the flue gas is correspondingly
smal | .

Because of the relatively |ow cost of No. 6 residual oi
conpared with that of lighter oils, it is the nost common fuel
oil burned in the electric utility industry. Distillate oils
are al so burned, but because of higher cost are generally
limted to startup operations, peaking units, or applications
where | ow PM and SOy emi ssions are required.

The U S. supply of fuel oils cones from both donestic
and foreign production. The conposition of individual fuel
oils wll vary depending on the source of the crude oil and
the extent of refining operations. Because of these factors
and the economcs of oil transportation, fuel oil supplies
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vary in conposition across the United States, but are
relatively uniformw th the exception of sulfur content. In
general , ash content varies fromnil to 0.5 percent, and the
nitrogen content is typically below 0.4 weight-percent for
grades 1 through 5 and 0.4 to 1.0 wei ght- percent for
grade 6.8
3.2.3 Natural Gas
Natural gas is a desirable fuel for steam generation
because it is practically free of nonconbusti bl e gases and
resi dual ash. Wen burned, it mxes very efficiently with
air, providing conplete conbustion at | ow excess air |evels
and elimnating the need for particul ate control systens.
The anal yses of sel ected sanples of as-collected natural
gas fromU. S. fields are shown in table 3-5
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.2 Prior to distribution, however, nost of the inerts (carbon

di oxi de [COp] and nitrogen), sulfur compounds, and liquid
petrol eum gas (LPG fractions are renoved during purification
processes. As a result, natural gas supplies burned by
utilities are generally in excess of 90 percent nmethane, with
nitrogen contents and typically ranging fromoO0.4 to
0.6 percent. ¥ 1

Al t hough the free (nol ecular) hydrogen content of natural
gas is low, the total hydrogen content is high. Because of
t he hi gh hydrogen content of natural gas relative to that of
oil or coal, nore water vapor is fornmed during conbustion
Because of the latent heat of water, the efficiency of the
steam generation is lowered. This decrease in efficiency nust
be taken into account in the design of the boiler and when
eval uating the use of natural gas versus other fuels.
3.3 UTILITY BO LER DESI GNS

The basic purpose of a utility boiler is to convert the
chem cal energy in a fuel into thermal energy that can be used
by a steamturbine. To achieve this objective, tw
fundanent al processes are necessary: conbustion of the fuel
by m xing with oxygen, and the transfer of the thermal energy
fromthe resulting conbustion gases to working fluids such as
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hot water and steam The physics and chem stry of conbusti on,
and how they relate to nitrogen oxides (NOy) formation, are
di scussed in chapter 4 of this docunent. The objective of
this section is to provide background information on the basic
physi cal conponents found in utility boilers and how t hey work
toget her to produce steam
3.3.1 Fundanentals of Boiler Design and Operation

A utility boiler consists of several major subassenblies
as shown in figure 3-5
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Figure 3-5. Sinplified boiler schematic.
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These subassenblies include the fuel preparation system
air supply system burners, the furnace, and the convective
heat transfer system The fuel preparation system air
supply, and burners are primarily involved in converting fuel
into thermal energy in the formof hot conbustion gases. The
| ast two subassenblies are involved in the transfer of the
thermal energy in the conbustion gases to the superheated
steamrequired to operate the steam turbine and produce
electricity.

The NO¢ formation potential of a boiler is determ ned by
the design and operation of the fuel preparation equi pnent,
air supply, burner, and furnace subassenblies. The potenti al
for reducing NOy after it forns is primarily determ ned by the
desi gn of the furnace and convective heat transfer system and,
in sone cases, by the operation of the air supply system

Three key thernmal processes occur in the furnace and
convective sections of a boiler. First, thermal energy is
rel eased during controlled m xi ng and conbustion of fuel and
oxygen in the burners and furnace. Oxygen is typically
supplied in two, and sonetines three, separate air streans.
Primary air is mxed with the fuel before introducing the fuel
into the burners. In a coal-fired boiler, primary air is also
used to dry and transport the coal fromthe fuel preparation
system (e.g., the pulverizers) to the burners. Secondary air
is supplied through a wi ndbox surrounding the burners, and is
mxed with the fuel after the fuel is injected into the burner
zone. Finally, sonme boilers are equipped with tertiary air
(sonetines called "overfire air"), which is used to conplete
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conbustion in boilers having staged conbustion burners. A
det ai |l ed di scussion of the inportance of each of these air
supplies as it relates to NO¢ formation and control is
presented in chapter 4.

Uility boiler furnace walls are fornmed by multiple,
cl osel y-spaced tubes filled with high-pressure water. Wter
flows into these "water tubes" at the bottom of the furnace
and rises to the steamdrum | ocated at the top of the boiler.
In the second key thermal process, a portion of the thermnal
energy fornmed by conbustion is absorbed as radi ant energy by
the furnace walls. During the transit of water through the
wat er tubes, the water absorbs this radiant energy fromthe
furnace. Although the tenperature of the water within these
t ubes can exceed 540 OC (1,000 OF) at the furnace exit, the
pressure within the tubes is sufficient to maintain the water
as a liquid rather than gaseous steam

At the exit to the furnace, typical gas tenperatures are
1,100 to 1,300 OC (2,000 to 2,400 OF), depending on fuel type
and boiler design. At this point, in the third key process,
the gases enter the convective pass of the boiler, and the
bal ance of the energy retained by the high-tenperature gases
I s absorbed as convective energy by the convective heat
transfer system (superheater, reheater, econom zer, and air
preheater). In the convective pass, the conbustion gases are
typically cooled to 135 to 180 OC (275 to 350 OF).

The fraction of the total energy that is enmtted as
radi ant energy depends on the type of fuel fired and the
tenperature within the flanme zone of the burner. Because of
its ash content, coal emts a significant anmount of radiant
energy, whereas a flanme produced fromburning gas is
relatively transparent and produces |less radiant flux. As a
result, coal-fired boilers are designed to recover a
significant anmount of the total thernmal energy fornmed by
conmbustion through radi ant heat transfer to the furnace walls,
while gas-fired boilers are designed to recover nost of the
total thermal energy through convection.
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The design and operating conditions within the convective
pass of the boiler are inportant in assessing NOk control
opti ons because two of these options--selective noncatal ytic
reduction (SNCR) and sel ective catalytic reduction (SCR)--are
designed to operate at tenperatures found in and foll ow ng the
convective pass.
3.3.2 Furnace Configurations and Burner Types

There are a nunber of different furnace configurations
used in utility boilers. For purposes of presentation, these
configurations have been divided into four groups:
tangentially-fired, wall-fired, cyclone-fired, and
stoker-fired. Wall-fired boilers are further subdivided based
on the design and | ocation of the burners.

3.3.2.1 Tangentially-Fired. The tangentially-fired
boiler is based on the concept of a single flanme zone within
the furnace. As shown in figure 3-6
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Firing Pattern in a Tangentially-Fired Boiler

Fi gure 3-6.
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, the fuel-air mxture in a tangentially-fired boiler projects
fromthe four corners of the furnace along a |line tangenti al
to an imaginary cylinder |ocated along the furnace
centerline.*® As shown in figure 3-7
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Burner Assenbly of a Tangentially-Fired Boiler

Figure 3-7.
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, the burners in this furnace design are in a stacked assenbly
that includes the wi ndbox, primary fuel supply nozzles, and
secondary air supply nozzles.?'®

As fuel and air are fed to the burners of a
tangentially-fired boiler and the fuel is conbusted, a
rotating "fireball" is formed. The turbul ence and air-fuel
m xi ng that take place during the initial stages of conbustion
in a tangentially-fired burner are | ow conpared to other types
of boilers. However, as the flanes inpinge upon each other in
the center of the furnace during the internedi ate stages of
conmbustion, there is sufficient turbulence for effective
m xi ng and carbon burnout.* Primarily because of their
tangential firing pattern, uncontrolled tangentially-fired
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boilers generally emt relatively | ower NO¢ than other
uncontrol | ed boil er designs.

The entire w ndbox, including both the fuel and air
nozzles, tilts uniformy. This allows the fireball to be
moved up and down within the furnace in order to control the
furnace exit gas tenperature and provi de steamtenperature
control during variations in load. |In addition, the tilts on
coal -fired units automatically conpensate for the decreases in
furnace-wal | heat absorption due to ash deposits. As the
surfaces of the furnace accunul ate ash, the heat absorbed from
the conbustion products decreases. The burners are then
tilted upwards to increase the tenperature of the flue gas
entering the convective pass of the boiler. Furnace wall
fouling will cause the heat to rise in the furnace normally
resulting in dowmmward tilts, while fouling in the convective
sections can cause the reverse. Al so, when convective tube
foul i ng becones severe, soot blowers are used to renove the
coating on the tubes. The sudden increase in heat absorption
by the clean tubes necessitates tilting the burners down to
their original position. As the fouling of the tubes resunes,
the tilting cycle repeats itself.

Tangentially-fired boilers commonly burn coal. However,
oil or gas are also burned in tangential burners by inserting
additional fuel injectors in the secondary air conponents
adj acent to the pulverized-coal nozzles as shown in
figure 3-7.

Approxi mately 10 percent of the tangentially-fired
boilers are twi n-furnace design. These boilers, which are
generally larger than 400 nmegawatts (MA, include separate
i dentical furnace and convective pass conponents physically
joined side by side in a single unit. The flue gas streans
fromeach furnace remain separate until joined at the stack

3.3.2.2 Wall-Fired. Wall-fired boilers are
characterized by multiple individual burners |located on a
single wall or on opposing walls of the furnace. |In contrast
to tangentially-fired boilers that produce a single flane
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envel ope, or fireball, each of the burners in a wall-fired
boiler has a relatively distinct flanme zone. Depending on the
design and | ocation of the burners, wall-fired boilers can be

subcat egori zed as single-wall, opposed-wall, cell, vertical,
arch, or turbo.
3.3.2.2.1 Single wall. The single-wall design consists

of several rows of circular-type burners nounted on either the
front or rear wall of the furnace. Figure 3-8
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Figure 3-8. Single wall-fired boiler.*®
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shows the burner arrangenent of a typical single-wall-fired
boi l er. '8

In circular burners, the fuel and prinmary air are
i ntroduced into the burner through a central nozzle that
inparts the turbul ence needed to produce short, conpact
flames. Adjustable inlet vanes | ocated between the w ndbox
and burner inpart a rotation to the preheated secondary air
fromthe wi ndbox. The degree of air swirl, in conjunction
with the fl ow shaping contour of the burner throat,
establishes a recirculation pattern extending into the
furnace. After the fuel is ignited, this recirculation of hot
conmbusti on gases back towards the burner nozzle provides
t hermal energy needed for stable conbustion.

Crcular burners are used for firing coal, oil, or
natural gas, with sone designs featuring multi-fue
capability. A circular burner for pulverized coal, oil, and

natural gas firing is shown in figure 3-9
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Figure 3-9. Circular-type burner for pulverized
coal, oil, or gas.?'
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. To burn fuel oil at the high rates demanded in a nodern
boiler, circular burners nust be equipped with oil atom zers.
At om zation provides high oil surface area for contact with
conmbustion air. The oil can be atom zed by the fuel pressure
or by a conpressed gas, usually steamor air. Atom zers that
use fuel pressure are generally referred to as uniflow or
return fl ow nmechani cal atom zers. Steam and air-type
atom zers provide efficient atom zation over a w de | oad
range, and are the nost commonly used.

In natural gas-fired burners, the fuel can be supplied
through a perforated ring, a centrally |ocated nozzle, or
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radi al spuds that consist of a gas pipe with multiple holes at
t he end.

Unli ke tangentially-fired boiler designs, the burners in
wal |l -fired boilers do not tilt. Superheated steam
tenperatures are instead controlled by excess air |evels, heat
input, flue gas recirculation, and/or steam attenperation

(water spray). 1In general, wall-fired boilers do not
i ncorporate the tw n-furnace design
3.3.2.2.2 Opposed-wall. Opposed-wall-fired boilers are

simlar in design to single wall-fired units, differing only
in that two furnace walls are equi pped with burners and the
furnace i s deeper. The opposed-wall design consists of
several rows of circular-type burners nmounted on both the
front and rear walls of the furnace as shown in figure 3-10
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Figure 3-10. Opposed Wall-Fired Boiler
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3.3.2.2.3 Cell. Cell-type wall-fired boilers consist of

two or three cl osely-spaced burners, i.e., the cell, nounted
on opposed walls of the furnace. Furnaces equi pped wth cel
burners fire coal, oil, and natural gas. Figure 3-11
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Figure 3-11. Cell Burner for Natural Gas-firing
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shows a natural gas-fired cell burner enploying spud-type

firing elenments.? The close spacing of these fuel nozzles
generates hotter, nore turbulent flanmes than the flanes in
circular-type burners, resulting in a higher heat rel ease rate
and hi gher NO¢ em ssion |levels than with circul ar burners.
Cell-type boilers typically have relatively small furnace
sizes with high heat input.

3.3.2.2.4 \Vertical-, arch- and turbo-fired.
Vertically-fired boilers use circular burners that are
ori ented dowmward, rather than horizontally as with wall-fired
boilers. Several vertical-fired furnace designs exist,
including roof-fired boilers, and arch-fired and turbo-fired
boilers, in which the burners are installed on a sl oped
section of furnace wall and are fired at a downward angl e.

Vertically-fired boilers are used primarily to burn solid
fuels that are difficult to ignite, such as anthracite. They
require |l ess supplenentary fuel than the horizontal wall- or
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tangentially-fired systenms, but have nore conplex firing and
operating characteristics.
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Figure 3-12
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Figure 3-12. Flow Pattern in an Arch-Fired Boiler
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shows an arch-fired boiler where pul verized coal is

i ntroduced through the nozzles, with heated conmbustion air
di scharged around the fuel nozzles and through adjacent
secondary ports.? Tertiary air ports are located in rows
along the front and rear walls of the | ower section of the
furnace.

This firing node generates a long, looping flame in the
| ower furnace, with the hot conbustion products discharging up
through the center. Delayed introduction of the tertiary air
provi des the turbul ence needed to conpl ete conbustion. The
flame pattern ensures that the largest entrained solid fuel
particles (i.e., those with the | owest surface area-to-weight
rati o) have the | ongest residence tinme in the furnace.

Roof -fired boilers are somewhat simlar in design, having
the burners nounted on the roof of the furnace, but discharge
conbusti on gases through a superheater section |ocated at the
bottom of the furnace, rather than through an opening at the
top of the boiler. 1In a coal-fired boiler design, the flanes
from i ndividual burners do not inpinge on each other as in an
arch-fired boiler, and residence tinmes in the furnace are
shorter.

Turbo-fired boilers are uni que because of their
venturi-shaped cross-section and directional flane burners as
shown in Figure 3-13
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Figure 3-13. Cross Section of Turbo-Fired Boiler
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.?2 In turbo-fired boilers, air and coal are injected downward

toward the furnace bottom Like arch-fired boilers, turbo-
fired boilers generate flanes that penetrate into the | ower
furnace, turn, and curl upward. Hot conbustion products
recirculate fromthe | ower furnace and fl ow upward past the
burner | evel to the upper furnace, where they mx with the
remai ning fuel and air. This type of firing system produces
| ong, turbulent flanes.
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3.3.2.3 Cyclone-Fired. Cyclone-fired boilers burn
crushed, rather than pul verized, coal. As shown in
figure 3-14
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Figure 3-14. Cycl one Burner
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, fuel and air are burned in horizontal cylinders, producing a
spi nning, high-tenperature flane.?® Only a small anount of
wal | surface is present in the cylinder and this surface is
partially insulated by the covering slag |layer. Thus,
cyclone-fired boilers have a conbi nati on of high heat rel ease
rate and | ow heat absorption rates, which results in very high
flame tenperatures and conversion of ash in the coal into a
nolten slag. This slag collects on the cylinder walls and
then flows down the furnace walls into a slag tank | ocated
bel ow the furnace. As a result of the high heat rel ease rate,
the cyclone-fired boilers are characterized by high therna
NOy formation.

Because of their slagging design, cyclone-fired boilers
are al nost exclusively coal-fired. However, sone units are
also able to fire oil and natural gas. Figure 3-15
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Figure 3-15. Firing arrangenents used with
cyclone-fired boilers.?
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shows the single-wall firing and opposed-wall firing
arrangenents used for cyclone firing.?* For smaller boilers,
sufficient firing capacity is usually attained with cycl one
burners located in only one wall. For large units, furnace
wi dth can often be reduced by using opposed firing.

3.3.2.4 Stoker-Fired. There are several types of
stoker-fired boilers used by utilities. The nost common
stoker type is the spreader stoker. Spreader stokers are
designed to feed solid fuel onto a grate within the furnace
and renove the ash residue.

Spreader stokers burn finely crushed coal particles in

suspension, and |arger fuel particles in a fuel bed on a grate

as shown in figure 3-16

3- 145



Figure 3-16. Spreader type Stoker-Fired Boiler -
Conti nuous Ash Di scharge G ate
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.?®* The thin bed of fuel on the grate is fuel-burning and
responsive to variations in |load. However, relatively |ow
conmbustion gas velocities through the boiler are necessary to
prevent fly ash erosion, which results fromhigh flue-gas ash
| oadi ngs.

Spr eader stokers use continuous-ash-di scharge traveling
grates, intermttent-cleaning dunp grates, or reciprocating
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conti nuous-cl eaning grates. They are capabl e of burning al
types of bitumnous and lignitic coals. Because of material
handling imtations, the | argest stokers used by utilities
are roughly 50 MWNWor |ess.

3.3.2.5 Fluidized Bed Conbustion Boilers. Fluidized bed
conmbustion (FBC) is an integrated technol ogy for reducing
sul fur dioxide (SOp) and NOy em ssions during the conmbustion
of coal and is an option for repowering or for a new boiler.
In a typical FBC boiler, crushed coal in conbination with
inert material (sand, silica, alumna, or ash) and/or a
sorbent (limestone) are maintained in a highly turbul ent
suspended state by the upward flow of primary air fromthe
wi ndbox | ocated directly bel ow the conbustion floor. This
fluidized state provides a | arge anount of surface contact
between the air and solid particles, which pronotes uniform
and efficient conbustion at |ower furnace tenperatures,
bet ween 860 and 900 OC (1,575 and 1,650 OF) conpared to 1, 370
and 1,540 OC (2,500 and 2,800 OF) for conventional coal-fired
boilers. Furnace internals include fluidizing air nozzl es,
fuel -feed ports, secondary air ports, and waterwalls |ined at
the bottomw th refractory. Once the hot gases |eave the
conbustion chanber, they pass through the convective sections
of the boiler which are simlar or identical to conponents
used in conventional boilers. Fluidized bed combustion
boil ers are capabl e of burning | ow grade fuels. Unit sizes,
as offered by manufacturers, range between 25 and 400 MW The
| argest FBC boilers installed are typically closer to 200 MV

Fl ui di zed bed conbustion technol ogi es based on operation
at atnospheric and pressurized conditions have been devel oped.
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The at nospheric FBC (AFBC) system shown in figure 3-17
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Figure 3-17. Sinplified AFBC process fl ow di agram ?°
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is simlar to a conventional utility boiler in that the
furnace operates at near atnospheric pressure and depends upon
heat transfer of a working fluid (i.e., water) to recover the
heat rel eased during conbustion.? Pressurized FBC (PFBC)

operates at pressures greater than atnospheric pressure and
recovers
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energy through both heat transfer to a working fluid and the
use of the pressurized gas to power a gas turbine.

3.3.2.5.1 Atnospheric fluidized bed conbustion. There
are two nmajor categories of AFBC boilers: the bubbling bed,
and the circulating bed designs. In the bubbling bed design,
coal and linmestone are continuously fed into the boiler from
over or under the bed. The bed materials, consisting of
unreacted, calcined, and sulfated |inestone, coal, and ash,
are suspended by the conbustion air bl ow ng upwards through
the fluidizing air nozzles. The desired depth of the
fluidized-bed is maintained by draining material fromthe bed.
Sonme bed material is entrained in the upflow ng flue gas and
escapes the conbustion chanber. Approximately 80 to
90 percent of this fly ash is collected in the cyclone and is
then either discarded or reinjected into the bed. Reinjection
of ash increases conbustion efficiency and |i nestone
utilization. 1In general, conbustion efficiency increases with
| onger freeboard residence tinmes and greater ash recycle
rates. Fly ash not collected in the cyclone is renoved from
the flue gas by an electrostatic precipitator (ESP) or fabric
filter.

The circulating fluidized bed design is a nore recent
devel opnent in AFBC technology. The two major differences
bet ween circul ati ng and bubbling AFBC s are the size of the
| i mestone particles fed to the system and the velocity of the
fluidizing air stream Linestone feed to a bubbling bed is
generally less than 0.1 inches in size, whereas circulating
beds use nuch finer |inestone particles, generally |ess than
0.01 inches. The bubbling bed also incorporates relatively
|l ow air velocities through the unit, ranging from4 to
12 feet per second (ft/sec).?® This creates a relatively
stable fluidized bed of solid particles with a well-defined
upper surface. Circulating beds enploy velocities as high as
30 ft/sec.?” As a result, a physically well-defined bed is not
formed; instead, solid particles (coal, |inmestone, ash,
sulfated linmestone, etc.) are entrained in the transport
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ai r/ conbustion gas stream These solids are then separated
fromthe conbustion gases by a cyclone or other separating
device and circul ated back into the conbustion region, along
with fresh coal and linmestone. A portion of the collected
solids are continuously renoved fromthe systemto maintain
mat eri al bal ances. Circul ating beds are characterized by very
high recirculated solids flow rates, up to three orders of
magni t ude hi gher than the conbi ned coal /| inestone feed rate. ?°

Circulating AFBC s are dom nating new FBC installation
in part due to their inproved performnce and enhanced f uel
flexibility.?® Some specific advantages of circul ating bed
over bubbling bed designs include:

. Hi gher conbustion efficiency, exceeding 90 percent;
. Greater linestone utilization, due to high recycle
of unreacted sorbent and snmall |inmestone feed size

(greater than 85 percent SOy renoval efficiency is
projected with a Ca/Sratio of about 1.5, wth the
potential for greater than 95 percent SOy renoval
efficiency);

. Potentially fewer corrosion and erosion probl ens,
conpared to bubbling bed designs with in-bed heat
transfer surfaces;

. Less dependence on |linmestone type, since reactivity
is inproved with the fine particle sizes; and
. Reduced solid waste generation rates, because of

| ower 1inmestone requirenents.

3.3.2.5.2 Pressurized fluidized bed conbustion.
Pressurized FBCis simlar to AFBC with the exception that
conbustion occurs under pressure. By operating at pressure,
It is possible to reduce the size of the conbustion chanber
and to devel op a conbi ned-cycl e or turbocharged boiler capable
of operation at higher efficiencies than atnospheric systens.
The turbocharged boil er approach recovers nost of the heat
fromthe boiler through a conventional steam cycle, |eaving

only sufficient energy in the gas to drive a gas turbine to
pressurize the conbustion air. The conbined cycle system
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extracts nost of the systems energy through a gas turbine
foll owed by a heat recovery steam generator and steam turbine.
3.3.3 Oher Boiler Conponents

This section discuses additional boiler conponents
i ncludi ng pul verizers (fuel preparation systenm), air supply
system and superheaters/reheaters, econom zers, and air
heaters (heat transfer system

3.3.3.1 Pulverizers. Cyclone-fired or stoker-fired
boil ers use crushed coal, but nost other boilers use
pul veri zed coal. The only fuel preparation system di scussed

here is the pulverizer. Pulverized coal is favored over other
forms of coal because pul verized coal mxes nore intimtely
with the conbustion air and burns nore rapidly. Pulverized
coal also burns efficiently at | ower excess air levels and is
nore easily lit and controlled.?

To achieve the particle size reduction required for
proper conbustion in pulverized coal-fired boilers, machines
known as pul verizers (also referred to as "mlls") are used to
grind the fuel. Coal pulverizers are classified according to
their operating speed. Low speed pulverizers consist of a
rotating drumcontaining tunbling steel balls. This
pul verizer type can be used with all types of coal, but is
particularly useful for very abrasive coals having a high
silica content.

Most nedi um speed pul verizers are ring-roll and ball-race
m || designs, and are used for all grades of bitum nous coal.
Their | ow power requirenments and qui ck response to changing
boil er | oads make themwell-suited for utility boiler
applications. They conprise the |argest nunber of
medi um speed pul veri zers, and the | argest nunber of coa
pul veri zers overall. Hi gh-speed pulverizers include inpact or
hammer mlls and attrition mlls and are al so used for al
grades of bitum nous coal

The capacity of a pulverizer is affected by the
grindability of the coal and the required fineness. The
required fineness of pulverization varies with the type of
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coal and with the size and type of furnace, and usually ranges
from60 to 75 wei ght-percent passing through a 200 nesh

(74 mcroneters [un]) screen. To ensure m ninmum carbon | oss
fromthe furnace, high-rank coals are frequently pulverized to
a finer size than coals of lower rank. Wen firing certain

| ow-vol atile coals in small pulverized coal furnaces, the
fineness may be as high as 80 wei ght-percent through a

200 nesh screen in order to reduce carbon | oss to acceptable

| evel s. %°

Coal enters the pulverizer with air that has been heated
to 150 to 400 OC (300 to 750 OF), depending on the anount of
noi sture in the coal. The pulverizer provides the m xing
necessary for drying, and the pulverized coal and air m xture
then | eaves the pul verizer at a tenperature ranging from
55 to 80 OC (130 to 180 OF).*

The two basic methods used for noving pul verized coal to
the burners are the storage or bin-and-feeder system and the
direct-fired system |In the storage system the pulverized
coal and air (or flue gas) are separated in cyclones and the
coal is then stored in bins and fed to the burners as needed.
In direct-fired systens, the coal and air pass directly from
the pul verizers to the burners and the desired firing rate is
regul ated by the rate of pulveri zing.

3.3.3.2 Air Supply System Key air supply system
conponents are fans and w ndboxes. The purpose of these
conponents are to supply the required volumes of air to the
pul verizers and burners, and to transport the conbustion gases
fromthe furnace, through the convective sections, and on to
the air pollution control equi pnment and stack.

The fans determne the static pressure of the boiler,
whi ch can be characterized as forced-draft, bal anced-draft, or
i nduced draft. A forced-draft boiler operates at static
pressures greater than atnospheric, a bal anced-draft boiler
operates with static pressures at or slightly bel ow
at nospheric, and an induced-draft boiler operates at |ess than
at nospheric pressure. Four types of fans are used:
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forced-draft, primary-air, induced-draft, and
gas-recircul ation.

Forced-draft fans are located at the inlet to the
secondary air supply duct. These fans supply the secondary or
tertiary air used for conbustion. The air is typically routed
through the air preheater and then to the w ndbox. Forced-
draft fans are used on both forced-draft and bal anced-draft
boi l ers.

Primary air fans are | ocated before or after the fuel
preparation systens, and provide primary air to the burners.
In pul verized coal boilers, primary air fans are used to
supply air to the pulverizers and then to transport the
coal/air mxture to the burners. There are two types of
primary air fans: mll exhauster fans and cold air fans. A
m |l exhauster fan is | ocated between the pulverizer and the
wi ndbox and pul |l s preheated conbustion air fromthe secondary
air supply duct through the pulverizers. Cold air fans are
| ocated before the pulverizers and provide anbient air to the
pul veri zers through a separate ducting system Prinmary air
fans are used in all boilers.

| nduced-draft fans are generally located just before the
stack. These fans pull the conbustion gases through the
furnace, convective sections, and air pollution control

equi pnent. Induced draft fans are used on bal anced-draft
boilers to maintain a slightly negative pressure in the
furnace. Induced draft fans are used on induced-draft boilers
to maintain negative static pressure. In this arrangenent,

the induced-draft fan are al so designed with sufficient static
head to pull secondary air through the air preheater and
wi ndbox.

Gas recirculation fans are used to transport partially
cool ed conmbustion gases fromthe econonm zer outlet back to the
furnace. Gas recirculation can be used for several purposes,

i ncludi ng control of steamtenperatures, heat absorption
rates, and slagging. It is also sonmetinmes used to control
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flame tenperatures, and thereby reduce NOy formati on on gas-
and oil-fired boilers.

The second part of the air supply systemis the w ndbox.
A wi ndbox is essentially an air plenumused for distributing
secondary air to each of the burners. The flowof air to
I ndi vidual burners is controlled by adjustable air danpers.
By opening or closing these danpers, the relative flow of air
to individual burners can be changed. To increase or decrease
the total air flowto the furnace, the differential pressure
bet ween the w ndbox and furnace is changed by adjusting the
fans. In boilers having tertiary air injection, tertiary air
can be supplied fromthe w ndbox supplying secondary air or by
a separate w ndbox. Separate w ndboxes allow greater contro
of the tertiary air supply rate.

3.3.3.3 Superheaters/Reheaters. To produce electricity,
a steamturbine converts thermal energy (superheated steam

i nto nechani cal energy (rotation of the turbine and el ectrical
generator shaft). The anmount of electricity that can be
produced by the turbine-generator systemis directly rel ated
to the anount of superheat in the steam |f saturated steam
is utilized in a steamturbine, the work done results in a

| oss of energy by the steam and subsequent condensation of a
portion of the steam This noisture, in the formof condensed
wat er droplets, can cause excessive wear of the turbine

bl ades. If, however, the steamis heated above the saturation
tenperature | evel (superheated), nore useful energy is
available prior to the point of excessive steam condensation
in the turbine exhaust. *

To provide the additional heat needed to superheat the
steamrecovered fromthe boiler steamdrum a superheater is
installed in the upper section of the boiler. 1In this area of
the boiler, flue gas tenperatures generally exceed 1,100 OC
(2,000 OF). The superheater transfers this thermal energy to
the steam superheating it. The steamis then supplied to the
turbine. In sonme turbine designs, steamrecovered fromthe
turbine after part of its avail able energy has been used is
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routed to a reheater located in the convective pass just after
the superheater. The reheater transfers additional thernal
energy fromthe flue gas to the stream which is supplied to a
second tur bi ne.

Super heaters and reheaters are broadly classified as
convective or radiant, depending on the predom nate nechani sm
of heat transfer to the absorbing surfaces. Radiant
superheaters usually are arranged for direct exposure to the
furnace gases and in sone designs forma part of the furnace
enclosure. In other designs, the surface is arranged in the
formof tubular |oops or platens of wide |ateral spacing that
extend into the furnace. These surfaces are exposed to
hi gh-tenperature furnace gases traveling at relatively | ow
speeds, and the transfer of heat is principally by radiation.

Convecti ve-type superheaters are nore conmon than the
radi ant type. They are installed beyond the furnace exit in
t he convection pass of the boiler, where the gas tenperatures
are lower than those in the furnace. Tubes in convective
superheaters are usually arranged in cl osel y-spaced tube banks
that extend partially or conpletely across the width of the
gas stream wth the gases flowng through the relatively
narrow spaces between the tubes. The principal nmechani sm of
heat transfer is by convection.?®

The spacing of the tubes in the superheater and reheater
is governed primarily by the type of fuel fired. 1In the
hi gh- gas-tenperature zones of coal-fired boilers, the
adherence and accunul ati on of ash deposits can reduce the gas
fl ow area and, in some cases, nmay conpletely bridge the space
bet ween the tubes. Thus, in coal-fired boilers, the spaces
bet ween tubes in the tube banks are increased to avoi d excess
pressure drops and to ease ash renoval .* However, because the
conmbustion of oil and natural gas produces relatively clean
flue gases that are free of ash, the tubes of the superheaters
and reheaters can be nore closely spaced in coal - and natural
gas-fired boilers and the superheaters and reheaters
t hensel ves are nore conpact.
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3.3.3.4 Econom zers. Econom zers inprove boiler
efficiency by recovering heat fromthe noderate-tenperature
conbustion gases after the gases | eave the superheater and
reheater.

Econom zers are vertical or horizontal tube banks that
heat the water feeding the furnace walls of the boiler.
Econom zers receive water fromthe boiler feed punps at a
tenperature appreciably lower than that of saturated steam
Econom zers are used instead of additional steam generating
surface because the flue gas at the econom zer is at a
tenperature below that of saturated steam Although there is
not enough heat remaining in the flue gases for steam
generation at the econom zer, the gas can be cooled to | ower
tenperatures for greater heat recovery and econony.

3.3.3.5 Air Preheaters. Air preheaters are installed
foll owi ng the econom zer to further inprove boiler efficiency

by transferring residual heat in the flue gas to the incom ng
conbustion air. Heated conbustion air accelerates flane
ignition in the furnace and accel erates coal drying in

coal -fired units.

In | arge pul verized coal boilers, air heaters reduce the
tenperature of the flue gas from 320 to 430 OC (600 to 800 OF)
at the econom zer exit. Air preheaters reduce the tenperature
to 135 to 180 OC (275 to 350 OF). This energy heats the
conbustion air fromabout 25 OC (80 OF) to between 260 and
400 OC (500 and 750 OF). 3%

3.4 | MPACT OF FUEL PROPERTI ES ON BO LER DESI GN
3.4.1 Coal

Regardl ess of the fineness of pulverization, coal fed to
the boiler essentially retains its as received mneral content
(ash). In a dry-ash or dry-bottom furnace, nearly all of the
ash particles are forned in suspension, and roughly 80 percent
| eave the furnace entrained in the flue gas. Slag-tap or
wet - bott om furnaces operate at higher tenperatures and
heat-rel ease rates and, as a result, a portion of the ash
particles beconme nolten, coal esce on the furnace walls, and
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drain to the furnace bottom |In this case, approximately
50 percent of the ash nay be retained in the furnace, with the
ot her 50 percent leaving the unit entrained in the flue gas.?*®
Because of their high heat rel ease rates, wet-bottom furnaces
general ly have higher thermal NO¢ formation than dry-bottom
furnaces.

Because | onger reaction tinme is required for the
conmbustion of coal, furnaces for firing coal are generally
| arger than those used for burning oil or natural gas. The
characteristics of the coal, which varies with rank,
determnes the relative increase in furnace size shown in
figure 3-18
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.38 Furnaces firing coals with low volatile contents or high

noi sture or ash levels are |arger than those firing high

vol atil e content coals. In addition, the characteristics of
the coal ash and the desired operating tenperature of the
furnace will influence furnace size. The furnace nust be

| arge enough to provide the furnace retention tinme required to
burn the fuel conpletely and cool the conbustion products.
This is to ensure that the gas tenperature at the entrance to
t he convective pass is well below the ash-softening
tenperature of the coal and the netalurigical limts of the
super heat er tubes.
3.4.2 Ql/Gas

Ol-fired boilers do not require as large a furnace
vol une as coal -fired boilers to ensure conpl ete burning.
Because atom zation of oil provides a greater anount of fuel
reaction surface for conbustion than pul verization of coal
furnace residence tines can be shorter. In addition, the
relatively | ow ash content of oil essentially elimnates the
sl aggi ng probl enms that can occur in a small coal-fired
f urnace. ¥

Simlarly, because the conbustion gases contain |ess
entrai ned ash, the convective pass of oil-fired boilers can be
nmore conpact, with nore closely spaced tubes in the
super heater and reheater sections. 1In addition, oil-fired
units operate at |ower excess air levels than coal-fired

3- 165



boilers; up to 20 percent less air volunme per unit heat input
is required for oil firing.?

The nore conpact design of oil-burning furnaces has an
effect on NO¢ emissions fromoil-fired units. Even though the
nitrogen content of the oil is generally |Iower than that of
coal, higher flane tenperatures result in increased formation
of thermal NO¢. This thermal NO¢ contribution can nore than
of fset the | ower fuel NOk contribution fromthe oil.?*

Gas-fired boilers are simlar in design to oil-fired
boilers, as many gas-fired boilers were intended to fire oi
as a supplenmentary fuel. Boilers that are strictly gas-fired
have the small est furnace volunmes of all utility boilers,
because of the rapid conbustion, low flane |um nosity, and ash
free content of natural gas. Because the nitrogen content of
natural gas is low, its conbustion produces m ninmal fuel NO.
However, the conpact furnaces and resulting high heat rel ease
rates of gas-fired boilers can generate high |evels of thernal

I\Q(. 38
Sonme furnaces were originally designed and operated as
coal -fired furnaces and then converted to oil- and gas-fired

furnaces. Furnaces designed to burn coal have | arger vol unes
than furnaces originally designed to burn oil and/or natura
gas fuel. As a result, the furnace heat release rate is

| ower, and NOyx em ssions fromthe converted furnaces may be

| ower .
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Figure 3-19
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shows the conparative sizes of coal, oil, and natural gas
utility boilers of the same generation rating.* The
differences in the designs are attributed to the heat transfer
characteristics of the fuels. The type of fuel being burned
directly influences the furnace di nensions, distance above the
top row of burners and the convective pass, furnace bottom
design, location of burners in relation to the furnace bottom
and design of the convective pass all are influenced by the
type of fuel being burned. *
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TABLE 3-1.

CLASSI FI CATI ON OF COALS BY RANK®

(dry,

Fi xed carbon limts, %

m neral -nmatter-free basis)

(dry,

Vol atile matter limts, %

m neral -nmatter-free basis)

Calorific value linmts, Btu/lb

(noi st ,

mneral -natter-free basis)

Equal or

Equal or

Equal or

Aggl orrer at i ng

dass and group greater than Less than greater than Less than greater than Less than char act er
Anthracitic
Met a- 98 -- -- 2 -- -- nonaggl onerati ng
anthracite
92 98 2 8 -- --
2. Anthracite
86 92 8 14 -- --
3. Sem anthracite
II. Bituminous
1. Lowvol atile
bi t um nous coal 78 86 14 22 -- --
2. Medi um
vol atile 69 78 22 31 -- -- comonl y
bi t um nous aggl oner ati ng
coal
-- 69 31 -- 14, 000 --
3. H gh-vol atil e
A bi tum nous coal
.- - -- -- 13, 000 14, 000
4. H gh-vol atil e
B bi t um nous coal
-- -- -- -- 11, 500 13, 000
5. H gh-vol atile 10, 500 11, 500 aggl oner ati ng
C bi tuni nous coal
III. Subbituminous
1. Subbi t um nous
A coal -- -- -- -- 10, 500 11, 500
2. Subbi t um nous
B coal -- -- -- -- 9, 500 10, 500 nonaggl onerati ng
3. Subbi t um nous
C coal -- -- -- -- 8, 300 9, 500
Iv. Lignitic
1. Lignite A -- -- -- -- 6, 300 8, 300 nonaggl oner ati ng
2. Lignite B -- -- -- -- -- 6, 300

-- = Not applicable.



TABLE 3-2. SOURCES A\D TYPI CAL ANALYSES 0F VAR QUS RANKS CF QOAL®
Proxi nate, % Utinate, % Cal ori fi
c val ue,
Qassification by [Stat | County Bed Basi s@ Vol atil | Eixed Btu/lb
rank € Moi st ur e carbon | Ash | Sulfur | Hydroge | Carbon | Ntrog | Oxygen
e nmatter n en
Meta-anthracite R | Newport Mddl e AR 13.2 2.6 65. 3 18.9 | 0.3 1.9 64. 2 0.2 14.5 9, 310
DMVF -- 3.8 96. 2 -- 0.4 0.6 94.7 0.3 4.0 13,720
Anthracite PA | Lackawann | d ar k AR 4.3 5.1 81.0 9.6 0.8 2.9 79.7 0.9 6.1 12, 880
a
DMV -- 5.9 94. 1 -- 0.9 2.8 92.5 1.0 2.8 14, 980
Sem anthracite AK | Johnson Lower AR 2.6 10.6 79.3 7.5 | 1.7 3.8 81.4 1.6 4.0 13, 880
Har t shor ne
DWW -- 11. 7 88.3 -- 1.9 3.9 90. 6 1.8 1.8 15, 430
Lowvol atile Wa | Woni ng Pocahont as AR 2.9 17.7 74.0 54 0.8 4.6 83.2 1.3 4.7 14, 400
bi t um nous No. 3
DMV -- 19.3 80.7 -- 0.8 4.6 90.7 1.4 2.5 15, 690
Medi umvol atil e PA | Qearfiel | Uper AR 2.1 24.4 67.4 6.1 ] 1.0 5.0 81.6 1.4 4.9 14, 310
bi t um nous d Ki ttanni ng
DMV - 26.5 73.5 -- 1.1 5.2 88.9 1.6 3.2 15, 590
H gh-volatile A Wa | Mari on Pi tt sburgh AR 2.3 36.5 56.0 5.2 1 0.8 5.5 78.4 1.6 8.5 14, 040
bi t um nous
DM -- 39.5 60.5 -- 0.8 5.7 84.8 1.7 7.0 15, 180
H gh-volatile B KY | Muhl enbur | No. 9 AR 8.5 36.4 44,3 10.8 2.8 5.4 65.1 1.3 14. 6 11, 680
bi t um nous g
DMV -- 45.0 55.0 -- 3.4 5.5 80.6 1.7 8.8 14, 460
H gh-volatile C IL | Sanganon | No. 5 AR 14. 4 35.4 40. 6 9.6 | 3.8 5.8 59.7 1.0 20.1 10, 810
bi t um nous
DWW -- 46. 6 53.4 -- 5.0 5.6 78.6 1.3 9.5 14, 230
Subbi t um nous A W | Sweetwate| No. 3 AR 16.9 34.8 44.7 3.6 1.4 6.0 60. 4 1.2 27. 4 10, 650
r
DMVF -- 43.7 56. 3 -- 1.8 5.2 76.0 1.5 15.5 13, 390
Subbi t um nous B WY | Sheridan | Monarch AR 22.2 33.2 40. 3 4.3 0.5 6.9 53.9 1.0 33.4 9, 610
DMV -- 45. 2 54.8 -- 0.6 6.0 73. 4 1.3 18.7 13, 080
Subbi t um nous C QO | B Paso Fox H I AR 25.1 30. 4 37.7 6.8 | 0.3 6.2 50.5 0.7 35.5 8, 560
DM -- 44. 6 55.4 -- 0.5 5.0 74. 1 1.1 19.3 12, 560
Lignite ND | McLean Unnaned AR 36.8 27.8 29.5 59| 0.9 6.9 40. 6 0.6 45.1 7, 000
DMV -- 48. 4 51.6 -- 1.6 5.0 70.9 1.1 21. 4 12, 230

AR = as-recei ved

DMWF = Dry mineral -natter-free basis.



4.0 CHARACTERI ZATI ON OF NOy EM SSI ONS

Ni trogen oxide (NOy) em ssions from conbustion devices are
conprised of nitric oxide (NO and nitrogen di oxide (NOp).
For nost conbustion systens, NOis the predom nant NOy
species. This chapter discusses how differences in boiler
desi gn, fuel characteristics, and operating characteristics
can affect NOy emi ssions. Additionally, this chapter presents
uncontrol | ed/ baseline NO¢ em ssion |evels fromvarious utility
boi l ers.
4.1 NOy FORMATI ON

The formation of NO¢ froma specific conmbustion device is
deternmined by the interaction of chenical and physica
processes occurring wthin the furnace. This section
di scusses the three principal chem cal processes for NO
formation. These are: (1) "thermal" NOy, which is the
oxi dation of atnospheric nitrogen; (2) "pronmpt" NO, which is
formed by chem cal reactions between hydrocarbon fragnents and
at nospheric nitrogen; and (3) "fuel"™ NO, which is formed from
chem cal reactions involving nitrogen atons chem cally bound
within the fuel.
4.1.1 Thermal NO, Fornmation

"Thermal " NOy results fromthe oxidation of atnospheric
nitrogen in the high-tenperature post-flame region of a
conbustion system During conbustion, oxygen radicals are
formed and attack atnospheric nitrogen nolecules to start the
reactions that conprise the thermal NOy fornati on mechani sm

O+ Np = NO+ N (4-1)
N+ O = NO+ O (4-2)
N+ OH-= NO+ H (4-3)
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The first reaction (equation 4-1) is generally assuned to
determine the rate of thermal NO¢ formation because of its
hi gh activation energy of 76.5 kcal/nole. Because of this
reaction's high activation energy, NOk formation is sl ower
t han ot her conbustion reactions causing | arge anounts of NOto
formonly after the energy rel ease reactions have equilibrated
(i.e., after conmbustion is "conplete”). Thus, NO formation
can be approximated in the post-conbustion flame region by:

[NO = ke"K'T [Np] [Op] 1/ 2 ¢ (4-4)
wher e:

[ ] are nole fractions,

k and K are reaction constants,

Tis tenperature, and t is tine.

The maj or factors that influence thermal NO¢ formation are
tenperature, oxygen and nitrogen concentrations, and residence
time. |f tenperature, oxygen concentrations, or nitrogen
concentrations can be reduced quickly after conbustion,
thermal NOy formation is suppressed or "quenched".

O these four factors, tenperature is the nost inportant.
Thermal NOy formation is an exponential function of
tenperature (equation 4-4). One of the fundanmental paraneters
affecting tenperature is the | ocal equival ence ratio® Flane
tenperature peaks at equival ence rati os near one as shown in
figure 4-1

®Equi val ence ratio is defined as the fuel/oxidizer ratio
divided by the stoichionetric fuel/oxidizer ratio. The
equi val ence ratio is given the synbol ¢
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Figure 4-1. Variation of flanme tenperature with
equi val ence ratio.*
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.4 1f the systemis fuel-rich, then there is not sufficient
oxygen to burn all the fuel, the energy rel ease is not
maxi m zed, and peak tenperatures decrease. |If the systemis
fuel -1 ean, there are additional conbustion gases to absorb
heat from the conbustion reactions, thus decreasing peak
tenperatures. A prenmixed flanme® may exist in a wi de range of

"A premi xed flane exists when the reactants are mixed prior to
chem cal reaction
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equi val ence ratios, and thus prem xed flanes have a w de range
of peak tenperatures. However, a non-prem xed flane® w ||
general ly react near an equival ence ratio of one, causing high
peak tenperatures.

For utility boilers, the tenperature is also related to the
heat rel ease per unit of burner zone volume. Units with |arge
heat rel ease rates per unit volune, my experience higher
tenperatures, creating higher NO |evels.

4.1.2 Pronpt NO¢ Formation

Pronpt NOy formation is the formation of NO¢ in the
conbustion systemthrough the reactions of hydrocarbon
fragments and atnospheric nitrogen. As opposed to the sl ower
thermal NOy formation, pronpt NO¢ formation is rapid and
occurs on a tine scale conparable to the energy rel ease
reactions (i.e., within the flane). Thus, it is not possible
to quench pronpt NO¢ formation in the manner by which therm
NO¢ formation is quenched. However, the contribution of
prompt NOy to the total NOy em ssions of a systemis rarely
| ar ge. ¥

Al t hough there is sonme uncertainty in the detail ed mechani sns
for pronmpt NO¢ formation, it is generally believed that the
principal product of the initial reactions is hydrogen cyanide
(HCN) or CN radicals, and that the presence of hydrocarbon
species is essential for the reactions to take place.* The
followi ng reactions are the nost likely initiating steps for
pronpt NQ:*

CH + Np = HCN + N (4-5)

CHy + Nop = HCN + NH (4-6)
The HCN radical is then further reduced to form NO and ot her
nitrogen oxi des.

Measured | evel s of pronpt NOy for a nunber of hydrocarbon
conpounds in a prem xed flame show that the maxi mum pronpt NO
is reached on the fuel-rich side of stoichionetry.” On the

°A non-prem xed flame exists where the reactants nust diffuse
into each other during chem cal reaction
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fuel -1 ean side of stoichionetry, few hydrocarbon fragnents are
free to react with atnospheric nitrogen to formHCN, the
precursor to pronpt NO.. Wth increasingly fuel-rich
conditions, an increasing anount of HCN is formed, creating
nore NOy. However, above an equival ence ratio of
approximately 1.4, there are not enough O radicals present to
react wwth HCN and form NO, so NO | evel s decrease.
4.1.3 Fuel NO¢ Fornmation

The oxi dation of fuel-bound nitrogen is the principal source
of NO¢ em ssions in conbustion of coal and sone oils. Al
I ndi cations are that the oxidation of fuel-bound nitrogen
conpounds to NOis rapid and occurs on a tine scal e conparable
to the energy rel ease reactions during conbustion. Thus, as
with prompt NOy, the reaction system cannot be quenched as it
can be for thermal NO.

Al t hough sone details of the kinetic nechanismfor conversion
of fuel nitrogen to NO¢ are unresolved at the present tine,
t he sequence of kinetic processes is believed to be a rapid
t hermal deconposition of the parent fuel-nitrogen species,
such as pyridine, picoline, nicotine, and quinoline, to | ow

nol ecul ar wei ght compounds, such as HCN, and subsequent decay
of these internmediates to NO or nitrogen (Np). In
stoichionetric or fuel-lean situations, the internmediates wl|
generally react to form NO over Np, whereas in fuel-rich
systens, there is evidence that the formation of Np is
conpetitive with the formation of NO. This may, in part, be
t he cause of high NOy em ssions in fuel-1ean and
stoichionmetric m xtures and | ower NO; emi ssions in fuel-rich
syst ens.

Several studies have been conducted to determ ne factors that
affect fuel NOy em ssions. One study on coal conbustion found
t hat under pyrolysis conditions, 65 percent of the fuel
nitrogen remained in the coal after heating to 750 OC
(1,380 OF) but only 10 percent remmined at 1,320 OC
(2,400 OF).* This suggests that the formation of NOy may
depend upon the availability of oxygen to react with the
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nitrogen during coal devolitization and the initial stages of

conbustion. If the mxture is fuel-rich, the formation of Np
may conpete with the formation of NO thus reduci ng NO
em ssions. |If the mxture is fuel-lean, the formati on of NO

wi || be dom nant, resulting in greater NO¢ em ssions than
under fuel-rich conditions. This also inplies that the
subsequent burning of the devolatilized coal char wll have
little effect on the formation of NO

Al t hough the conbustion study was for coal, it is probable
that the formation of fuel NOk fromoil is also related to the
vaporous reactions of nitrogen conpounds. Although the
ni trogen-contai ni ng conpounds in coal vaporize at varying
rates prior to conpleting conbustion, the nitrogen-containing
conmpounds in oil are of simlar nolecular weight to other
compounds in the oil, and thus vaporize at rates sinmlar to
the other species in the oil.

The nitrogen content of the fuel affects the formation of
fuel NOk. Tests of burning fuel oils in a mxture of oxygen
and carbon di oxide (to exclude thermal NOy) show a strong
correl ation between the percentage of nitrogen in the oil and
fuel NOy formation as shown in figure 4-2a
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Figure 4-2a. Conparison of fuel NO¢ to fuel nitrogen.’

Figure 4-2b. Percent conversion of nitrogen to fuel NOy.’
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. %" However, the percentage of fuel nitrogen converted to NO
is not constant, but decreases with increasing fuel nitrogen
as shown in figure 4-2b.” For coal, there is no readily
apparent correlation between the quantity of fuel nitrogen and
fuel NOt as shown in figure 4-3
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Figure 4-3. Fuel nitrogen oxide to fuel nitrogen
content - pul veri zed coal, prem xed.?®
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.“® Note, however, that nost of the tested coals contained
approximately 1.0 percent nitrogen or higher, whereas nany
oils contain less than 1.0 percent nitrogen. The differences
in the rates of conversion of fuel nitrogen to NO; may be due
to the different nitrogen levels in oil and coal

During another study, fuel NOy was neasured in a |arge
tangentially-fired coal utility boiler. Figure 4-4
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Figure 4-4. Fuel -bound nitrogen-to-nitrogen oxide in
pul veri zed-coal conbustion.?®
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shows that fuel NO¢ formation correlated well with the fuel
oxygen/ nitrogen ratio), which suggests that fuel oxygen (or
sone
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ot her fuel property that correlates well with fuel oxygen)
i nfluences the percentage of fuel nitrogen converted to fuel
NOy. *® This corresponds to previous observations that greater
| evel s of NOy are found in fuel-lean conmbustion environments.
4.2 Factors that Affect NO, Eni ssions

The formation of thermal, pronpt, and fuel NOy in conbustion
systens is controlled by the interplay of equivalence ratio
with conbustion gas tenperature, residence tine, and
turbul ence (sonetinmes referred to as the "three Ts"). O
primary inportance are the |ocalized conditions within and
i medi ately follow ng the fl ane zone where nost conbustion
reactions occur. In utility boilers, the equival ence ratio
and the three Ts are determ ned by factors associated with
burner and boiler design, fuel characteristics, and boiler
operating conditions. This section discusses how boil er
design, fuel characteristics, and boiler operating
characteristics, can influence baseline (or uncontrolled) NO
em ssion rates.
4.2.1. Boiler Design Characteristics

There are a nunber of different furnace configurations used
inutility boilers. These include tangential, wall, cyclone,
and st oker designs. Background information on each of these
boil er designs is presented in chapter 3. Each configuration
has design characteristics that partially determ ne the
uncontrol |l ed NO¢ em ssions of the boiler.

4.2.1.1 Tangentially-Fired. The burners in
tangentially-fired furnaces are incorporated into stacked
assenblies that include several |evels of primary fuel nozzles
I nterspersed with secondary air supply nozzles and war nup
guns. The burners inject stratified |layers of fuel and
secondary air into a relatively |ow turbul ence environnent.
The stratification of fuel and air creates fuel-rich regions
in an overall fuel-lean environnment. Before the |ayers are
m xed, ignitionis initiated in the fuel-rich region. Near
the highly turbulent center fireball, cooler secondary air is
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qui ckly m xed with the burning fuel-rich region, insuring
conpl ete conbusti on.

The of f-stoichionmetric conbustion reduces |ocal peak
tenperatures and thermal NOy formation. |In addition, the
del ayed m xing of fuel and air provides the fuel-nitrogen
conpounds a greater residence tine in the fuel-rich
environnment, thus reducing fuel NOg formation.

4.2.1.2 Wall Units. There are several types of dry-bottom
and wet-bottomwall-fired units, including single, opposed,
cell, vertical, arch, and turbo. In general, wet-bottomunits
wi || have higher NOy em ssions than correspondi ng dry-bottom
units because of higher operating tenperatures, although other
factors, such as fuel type and furnace operating conditions,
may affect individual unit NOk em ssion |evels.

4.2.1.2.1 Single and opposed. Single-wall units consist of
several rows of circular burners nounted on either the front
or rear wall of the furnace. Opposed-wall units al so use
circular burners, but have burners on two opposing furnace
wal I s and have a greater furnace depth.

Circular burners introduce a fuel-rich m xture of fuel and
primary air into the furnace through a central nozzle.
Secondary air is supplied to the burner through separate
adjustable inlet air vanes. In nost circular burners, these
air vanes are positioned tangentially to the burner centerline
and inpart rotation and turbulence to the secondary air. The
degree of air swirl, in conjunction with the fl ow shaping
contour of the burner throat, establishes a recirculation
pattern extendi ng several burner throat dianeters into the
furnace. The high I evels of turbul ence between the fuel and
secondary air streans creates a nearly stoichionetric
conbustion m xture. Under these conditions, conbustion gas
tenperatures are high and contribute to thermal NOy formation.
In addition, the high level of turbulence causes the anmount of
time available for fuel reactions under reducing conditions to
be relatively short, thus increasing the potential for
formati on of fuel NO.
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4.2.1.2.2 Cell. Cell-type units consist of two or three
vertically-aligned, closely-spaced burners, nounted on opposed
wal I's of the furnace. Cell-type furnaces have highly
turbul ent, conpact conbustion regions. This turbul ence
pronotes fuel-air mxing and creates a near stoichionetric
conbustion m xture. As described above, the m xing
facilitates the formati on of both fuel and thermal NO:. In
addition, the relative conpactness of the conbustion region
creates a high heat release rate per unit volune. This wll
cause local tenperatures to increase even further, causing
thermal NOy to increase due to its exponential dependency on
| ocal tenperature (equation 4-4).

4.2.1.2.3 Vertical-, arch-, and turbo-fired. Vertical and
arch-fired boilers have burners that are oriented downward.
Typically, these units are used to burn solid fuels that are
difficult to ignite, such as anthracite. Pulverized coal is
i ntroduced through nozzles and pre-heated secondary air is
di scharged through secondary ports. The units have | ong,
| ooping flanmes directed into the | ower furnace. Delayed

introduction of the tertiary air provides the necessary air to
conpl ete conbustion. The long flanes allow the heat rel ease
to be spread out over a greater volume of the furnace,
resulting in locally |lower tenperatures. The |ower turbul ence
allows the initial stages of conmbustion to occur in fuel-rich
environments. As a result, fuel NO¢ and thermal NOy are
reduced.

Turbo-fired units have burners on opposing furnace walls and
have a furnace depth simlar to opposed-wall units. The turbo
burners are angl ed downward and typically are | ess turbul ent
than the circular burners in opposed-wall units. The | ower
turbul ence delays the m xing of the fuel and air streans,
al l owi ng the conbustion products a greater residence tinme in
reduci ng conditions, thus potentially reducing fuel NOx.*°

4.2.1.3 Cyclone-Firing. Cyclones are wet-bottom furnaces,
in which fuel and air are introduced into a small, highly
turbul ent conmbustion chanber. Because of the design of the
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burner assenbly, heat transfer to cooler boiler surfaces is
del ayed, resulting in very high burner operating tenperatures.
The conbi nation of high tenperatures and near stoichionetric
to slightly I ean m xtures encourages both thermal and fuel NQ
formation.

4.2.1.4 Stoker-Firing. Stokers are generally |ow capacity
boil ers which burn crushed coal particles in suspension, while
| arger particles are burned in a fuel bed on a grate. They
typically have | ow gas velocities through the boiler in order
to prevent fly ash erosion and are operated with high | evels
of excess air to insure conplete conbustion and to maintain
relatively low grate tenperatures. The |ow NO; em ssions are
believed to be a function of the | ower furnace tenperatures
[~1,090 OC (~2,000 OF), conpared to 1,370 to 1,570 OC (2,500
to 2,800 OF)] in other boiler types.
4.2.2 Fuel Characteristics

In the conbustion of "clean" fuels (fuels not containing
ni trogen conpounds, such as natural gas)® the thernal
mechanismis typically the principal source of nitrogen oxide
em ssions. However, as the nitrogen content of the fuel
I ncreases (table 4-1)

dT_he nitrogen present in natural gas exists al nost
exclusively as elenental nitrogen and not as organic nitrogen
compounds.
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TABLE 4-1. TYPI CAL FUEL NI TROGEN CONTENTS
OF FCOSSI L FUELS™

Fuel Nitrogen (WM. %
Nat ural gas 0- 0.2
Light distillate oils (#1, 2) 0- 0.4
Heavy distillate oils (#3 - 5) 0.3 - 1.4
Resi dual oils 0.3 - 2.2
Subbi t um nous coal s 0.8 -
Bi t um nous coal s 1.1 - 1.7
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, significant contributions fromthe fuel nitrogen nmechani sm
to total nitrogen oxide occur.®  Thus, the nitrogen content
of the fuel is a partial indicator of NOy em ssion potential.
Qobvi ously, design characteristics may dictate the type of
fuel used in a given boiler. Natural gas is a vapor, oil is a
liquid, and coal a solid. The injection nmethods of the three
types of fuels are fundanentally different due to their
di fferent physical states. However, sone units have multifuel
capability. Boilers originally designed for coal have |arger
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furnace volunmes than boilers originally designed for oil or
gas as shown in figure 4-5
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Note: Sane Btu input.

Figure 4-5. Conparative physical sizes of utility
boilers firing different fuels.?*?
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.® As aresult, less thermal NO; is formed during oil or gas

conbustion in multifuel boilers and these boilers are nore
amenabl e for NOy controls due to the |arger furnace vol unes.
4.2.3 Boiler Operating Conditions

During the normal operation of a utility boiler, factors that
af fect NOy continuously change as the boiler goes through its
daily operating cycle. During a daily operating cycle, the
follow ng factors may change and affect NO¢ formation:

. Operating | oad,

. Excess oxygen,
. Bur ner secondary air register settings, and
. M1l 1 operation.

All these paraneters either directly or indirectly influence
the NO¢ em ssions fromutility boilers. For the nost part,
these paraneters are within the control of the boiler
operator. Sonetinmes they are controlled based on individual
operator preference or operating practices, and at other tines
are dictated by boiler operating constraints. Wile operating
| oad i nfluences NOy emissions, it is obviously not a practical
met hod of NO¢ control except in severe instances.

The effect of excess oxygen or burner secondary air register
settings on NO; em ssions can vary. Altering the excess
oxygen | evel s nmay change flame stoichionmetry. Increasing
secondary air flow may increase entrai nment of cooler
secondary air into the conbustion regine, |owering |ocal
tenperatures, and increase fuel and air mxing, altering
equi val ence ratio. The net result of both actions may be
either to raise or |ower NOk em ssions, depending on other
unit-specific paraneters.

A frequently overl ooked influence on NO em ssions for coal
units is the mll pattern usage. Figure 4-6
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Figure 4-6. Effect of mll pattern usage on
ni trogen oxi de enissions.
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illustrates the inpact of operating with various m | -out-of -
service patterns

on NO; enmissions.®® This data is froma 365 negawatt (MY
single-wall coal-fired unit, operating at 250 MWV (68 percent
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| oad), and firing subbitum nous coal. The NO; em ssion |evel
varies by as nmuch as 25 percent dependi ng upon which mlls are
operational. This is because when operating at a fixed | oad
and with the top mll out-of-service, the lower mlls operate
at a higher coal-to-air ratio, creating fuel-rich regions.
The secondary air fromthe top mll insures conplete
conmbustion. If the bottommIll is out-of-service, the
advant ages of stratified conbustion using overfire air to
i nsure conplete conbustion are reduced, resulting in increased
NOx formation. Biasing fuel to the lower mlls can also be
used to create a simlar conbustion environnent.
4.3 UNCONTROLLED BASELI NE EM SSI ON LEVELS
4.3.1 Conventional Boilers

As discussed in section 4.2, NO¢ emission rates are a
function of burner and boil er design, operating conditions,
and fuel type. Because pre-NSPS boilers were not designed to
mnimze NO¢ em ssions, their NO¢ emi ssion rates are
i ndicative of uncontrolled em ssion |levels. Boilers covered
by subpart D* (boilers that commenced construction between
August 17, 1971 and Septenber 17, 1978) or subpart Da®®
(boil ers that conmenced construction on or after Septenber 18,
1978) were required to install NOy control equipnment to neet
these NSPS. To define baseline em ssions fromthese units,
the NSPS limt and em ssions data from NURF were exam ned.
Data for uncontrolled NO¢ em ssions received through
questionnaires to utilities are presented in chapter 5.

The tables in the foll ow ng subsections sumarize typical
l ow, and high NOx em ssion rates on a | b/ MBtu basis for each
of the principal boiler types used to conbust coal, oil, and
gas. Em ssions data fromthe National Uility Reference File
(NURF), *® AP-42°", and the EPA® were exanined to estimte
uncontrol |l ed NOk em ssion rates for pre-NSPS boilers. The
typi cal uncontrolled |levels reflect the node, or nost typica
val ue, for the NOy em ssions data in NURF and the EPA, and are
generally consistent with AP-42 val ues when assum ng a heating
val ue for coal of 11,000 Btu/lb, for oil of 140,000 Btu/gal,
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for natural gas of 1,000 Btu/scf. Also, data obtained from
nunmerous utilities and reported in chapter 5 was used for
conpari son purposes. The |low and high estinmates reflect the
upper and | ower range of em ssions expected on a short-term
basis for nost units of a given fuel and boiler type. Based
on unit-specific design and operating conditions; however,
actual NOyx em ssions fromindividual boilers may be outside
this range. Averaging time can also influence NO; em ssion
rates. For exanple, a boiler that can achieve a particul ate
NOx limt on a rolling 30-day basis may not be able to achieve
the same NO¢ Iimt on a 24-hour basis.
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4.3.1.1 Coal-Fired Boilers. Table
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TABLE 4-2. UNCONTROLLED/ BASELI NE NOyx EM SSI ON LEVELS
FOR COAL- FI RED BO LERS2

NOy Emi ssion Levels (I b NO/ MvBtu)

Boi |l er Type Typicalb Low Hi gh St andard
Pr e- NSPS
Tangent i al 0.7 0.4 1.0 N A
wall, dry 0.9 0.6 1.2 N A
Wal |, wet 1.2 0.8 2.1 N A
Cel | 1.0 0.8 1.8 N A
Cycl one 1.5 0.8 2.0 N A
Vertical, dry 0.9 0.6 1.2 N A
Subpart D
Tangent i al 0. 0.3 0.
Wal |, dry 0.6 0.3 0.7
Subpart Da
Tangent i al 0. 45 0. 35 0.6 0.6/0.5C
wall, dry 0. 45 0.35 0.6 0.6/0.5C
St oker 0.50 0.3 0.6 0.6/0.5C

aNOy; emi ssion rates for pre-NSPS units are classified as
"Uncontrol | ed", because these units were not designed to
m nimze NO¢ em ssions. The NOk emission rates listed for
subpart D and Da units are classified as "Baseline",
because many of these units include the use of NO¢ control
t echni ques.

bTypical | evel is based on the node, or nost typical, NO
em ssion rate of boilers as reported in NURF, the EPA,
AP-42, and utilities.

CNSPS subpart Da standard of 0.6 Ib NO/ MVBtu is applicable
to bitum nous and anthracite coal-fired boilers, a
standard of 0.5 I'b NO«/ MvBtu is applicable to
subbi t um nous coal -fired boil ers.

N A = not applicable.
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4-2 shows typical, low, and high uncontroll ed/ baseline NO
em ssion rates for pre-NSPS, subpart D, and subpart Da coal -
fired utility boilers. The applicable subpart D and subpart
Da standards are also listed in the table.

The pre-NSPS units are subdivided into tangential, dry-bottom
wall, wet-bottomwall, cell, and cyclone units. The em ssion
rates shown are generally consistent with correspondi ng AP-42
em ssion rates. The tangential units generally have the
| owest em ssions (0.7 | b/MvBtu typical), and the cyclone units
have the highest (1.5 I b/MVBtu typical). Pre-NSPS units
account for approxinmately 80 percent of the total nunber of
coal -fired utility boilers in the United States.

Fol | ow ng proposal of subpart D, essentially all new
coal -fired utility boilers were tangential-fired or wall -
fired. The subpart D units are subdivided into these two
categories. The tangential units generally have | ower NOy
em ssion rates than the wall units. The typical em ssion
rates for the tangential units is 0.5 | b/MvBtu and the typical
em ssion rates for the wall units is 0.6 | b/ MVBtu, both of
whi ch are bel ow the subpart D standard of 0.7 | b/ MvBtu.

The subpart Da units are al so subdivided into tangential,
wal I, and stoker units. As with the subpart D units, the
tangential units generally exhibit |ower em ssion rates than
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the wall units and the typical em ssion rates of both type
units (approximtely 0.45 | b/ MVBtu) neet the subpart Da
standard. The stoker units have a typical em ssion rate of
0.50 I b/ MvBtu and al so neet the subpart Da standard. *°

4-210



4.3.1.2 Natural Gas-Fired Boilers. Table
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TABLE 4-3. UNCONTROLLED/ BASELI NE NOy EM SSI ON LEVELS
FOR NATURAL GAS BO LERS2
NO¢ Emi ssion Levels (I b NO/ MVBt u)
Boi |l er Type Typicalb Low Hi gh St andard

Pr e- NSPS
Tangent i al 0.1 N A
Wall, single 0.1 N A
wal |, opposed 0.9 0.4 N A
Subpart D
Al'l boiler types 0.2 0.1 0.2 0.2
Subpart Da
Al'l boiler types 0.2 0.1 0.2 0.2

aNOy; emi ssion rates for pre-NSPS units are classified as
"Uncontrol | ed", because these units were not designed to
m nimze NO¢ em ssions. The NOk emission rates listed for
subpart D and Da units are classified as "Baseline",
because many of these units include the use of NO¢ control
t echni ques.

bTypical |evel is based on the node, or nost typical, NO
em ssion rate of boilers are reported in NURF, the EPA,
AP-42, and utilities.

N A = not applicable.
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4-3 shows typical, low, and high uncontroll ed/ baseline NO
em ssion rates for pre-NSPS, subpart D, and subpart Da natura
gas-fired utility boilers. The applicable subpart D and
subpart Da standards are also listed in the table.

The pre-NSPS units are subdivided into tangential and wall
units. The em ssion rates shown are generally consistent with
correspondi ng AP-42 em ssion rates. The tangential units
generally have the | owest em ssions (0.3 | b/MvBtu), and the
wal |l units are slightly higher (0.5 | b/ MVvBtu).

The subpart D and subpart Da units are not subdivided into
specific unit types. The typical em ssion rates of the units
nmeet the applicable NSPS standard of 0.2 | b/ MvBtu.

4-213



4.3.1.3 QOl-Fired Boilers. Table 4-4
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TABLE 4-4. UNCONTROLLED/ BASELI NE EM SSI ON LEVELS
FOR O L- FI RED BA LERS

Em ssi on Level s
(I'b NOy/ MVBt u)

Boi l er Type Typicalb Low Hi gh St andard

Pr e- NSPS

Tangent i al 0.3 0.2 0.4 N A
wal | 0.5 0.2 0.8 N A
Verti cal 0.75 0.5 1.0 N A
Subpart D

Al'l boiler types 0. 25 0.2 0.3 0.3
Subpart Da

Al'l boiler types 0. 25 0.2 0.3 0.3

aNOy; emi ssion rates for pre-NSPS units are classified as
"Uncontrol | ed", because these units were not designed to
m nimze NO¢ em ssions. The NOk emission rates listed for
subpart D and Da units are classified as "Baseline",
because many of these units include the use of NO¢ control
t echni ques.

bTypical |evel is based on the node, or nost typical, NO
em ssion rate of boilers are reported in NURF, the EPA,
AP-42, and utilities.

N A = not applicable.
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shows typical, low, and high uncontrolled/ baseline NO
em ssion rates for pre-NSPS, subpart D, and subpart Da oil -
fired utility boilers. The applicable subpart D and subpart
Da standards are also listed in the table.

The pre-NSPS units are subdivided into tangential, vertical,
and wall units. The em ssion rates shown are generally
consistent wth corresponding AP-42 em ssion rates. The
tangential units generally have the | owest em ssions
(0.3 I b/MBtu), and the vertical units are the highest
(0.75 | b/ MVBt u) .

The subpart D and subpart Da units are not subdivided into
specific unit types. The typical em ssion rates of the
subpart D units are 0.25 [ b/MVBtu and the typical em ssion
rates of the subpart Da units are also 0.25 | b/ MvBtu which
neet, or are below, the applicable NSPS standard.

4.3.2 Fluidized Bed Boilers

Fl ui di zed bed conbustion boilers are inherently | ow NO

emtters due to the relatively | ow conbustion tenperatures
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Tabl e 4-5 shows typical, |ow, and high NO¢ em ssion rates for
fluidized bed conbustion (FBC) boilers with and w t hout

sel ective noncatal ytic reduction (SNCR) for NO¢ control. The
typical NOy em ssions froman FBC without SNCR i s

0.19 I b/ MVBtu whereas the typical NO; em ssions froman FBC
with SNCR as original equipnment is 0.07 | b/MVBtu. An
influential factor on the NOy em ssions of an FBC boiler is

t he quantity of cal ci um oxide, used for SOy em ssions control,
present in the bed material. H gher quantities of calcium
oxide result in higher base em ssions of NO. Therefore, as
SOy renoval requirenments increase, base NO¢ production wl|

i ncrease. This |inkage between SOy renpval and base NOy
production is inmportant in understanding NO, formation in FBC
boi l ers.
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TABLE 4-5. NO¢ EM SSI ON LEVELS FCR FLUI DI ZED BED
COMBUSTI ON BO LERS

Em ssi on Level s
(I'b NO/ MVBt u)

Cl assification Typi cal @ Low Hi gh

Conbusti on control s 0.19 0.1 0. 26
only

Wth SNCRD 0. 07 0. 03 0.1

aTypi cal level is based on the nbde, or nobst typical, NO
em ssion rate of FBC boilers reporting data.

bFI ui di zed bed conbustion boilers with SNCR for NOg control
as original equipnent.
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5.0 NO¢ EM SSI ON CONTROL TECHNI QUES

Thi s chapter describes the nmethods of reducing nitrogen
oxi de (NOy) em ssions fromnew and existing fossil fuel-fired
utility boilers. Al of the nethods can be grouped into one
of two fundanentally different techniques--conbustion controls
and post-conbustion controls (flue gas treatnent).

Combustion controls reduce NOy em ssions by suppressing
NO¢ formation during the conbustion process while post-
conbustion controls reduce NO¢ em ssions after its formation.
Conmbustion controls are the nost w dely used net hod of
controlling NO¢ formation in utility boilers. Several
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conbustion controls can be used sinultaneously to further
reduce NOy em ssions. Flue gas treatnent nethods can often
achi eve greater NOy control than conmbustion controls, but have
not been applied to many utility boilers in the United States.
Combi nations of flue gas treatnment controls and conbustion
controls can be applied to maxi mze NOy reduction; however,
there are even fewer U S. applications of this type. The
types of NO¢ controls currently available for fossil fuel-
fired utility boilers are presented in table 5-1.
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TABLE 5-1. NO¢ EM SSI ON CONTROL TECHNOLOG ES
FOR FOSSI L FUEL UTILITY BO LERS

NOy; control options Fuel applicability

Conbusti on Mdifications
Operational Mdifications Coal , natural gas, ol
- Low excess air

- Burners-out-of-service
- Biased burner firing

Overfire Ar Coal , natural gas, oi
Low NOy Burners (except cyclone Coal , natural gas, oi
f ur naces)

Low NOy burners and overfire air Coal , natural gas, oi
Rebur n Coal , natural gas, ol
Fl ue gas recircul ation Nat ural gas, oi

Post conbusti on Flue Gas Treat ment
Control s

Sel ective noncatal ytic reduction Coal , natural gas, oi
Sel ective catal ytic reduction Coal , natural gas, oi
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Thi s chapter describes NO¢ control technol ogies for
fossil fuel-fired utility boilers, factors affecting the
per formance of these controls, and | evels of performance for
these controls. Section 5.1 presents controls for coal-fired
boilers. Section 5.2 presents conbustion controls for natural
gas- and oil-fired boilers. Section 5.3 presents
post - conbustion flue gas treatnent controls.
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5.1 COVBUSTI ON CONTROLS FOR CCQAL- FI RED UTI LI TY BA LERS

There are several conbustion control techniques for
reduci ng NOy emi ssions fromcoal -fired boilers:

. Oper ational Modifications

- Low excess air (LEA);
- Bur ner s- out - of -servi ce (BOOS); and
- Bi ased burner firing (BF);

. Overfire air (CFA);

. Low NO¢ burners (LNB); and

. Rebur n.

Oper ational nodifications such as LEA, BOOS, and BF are al
relatively sinple and i nexpensive techniques to achi eve sone
NOy reduction because they only require changing certain
boi |l er operation paraneters rather than maki ng hardware

nodi fi cations. These controls are discussed in nore detail in
section 5.1.1.

Overfire air and LNB are conbustion controls that are
gai ning nore acceptance in the utility industry due to
i ncreased experience with these controls. There are numerous
ongoi ng LNB denonstrations and retrofit projects on |arge
coal -fired boilers; however, there are only a couple of
projects in which LNB and OFA are used as a retrofit
conmbi nation control. Both OFA and LNB require hardware
changes which nmay be as sinple as replacing burners or nmay be
nore conpl ex such as nodifying boiler pressure parts. These
techni ques are applicable to nost coal-fired boil ers except
for cyclone furnaces. Overfire air and LNB will be discussed
in sections 5.1.2 and 5.1.3, respectively.

Reburn i s another combustion hardware nodification for
controlling NOx em ssions. There are four full-scale retrofit
denmonstrations on U S. coal-fired utility boilers. Reburn
will be discussed in section 5.1.5.

5.1.1 Operational Modifications

5.1.1.1 Process Description. Several changes can be
made to the operation of sonme boilers which can reduce NOy
em ssions. These include LEA, BOOS, and BF. Wile these
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changes may be rather easily inplenented, their applicability
and effectiveness in reducing NO¢ may be very unit-specific.
For exanple, sone boilers may already be operating at the

| owest excess air |evel possible or may not have excess

pul veri zer capacity to bias fuel or take burners out of
service. Also, inplenenting these changes nay reduce the
operating flexibility of the boiler, particularly during | oad
fluctuations.

Operating at LEA invol ves reducing the anmount of
conbustion air to the | owest possible |evel while maintaining
efficient and environnental |y conpliant boiler operation.
Wth | ess oxygen (Op) available in the conmbustion zone, both
thermal and fuel NO¢ formation are inhibited. A range of
optimum Op |l evels exist for each boiler and is inversely
proportional to the unit load. Even at stable |oads, there
are small variations in the Oy percentages which depend upon
overal | equi prment condition, flanme stability, and carbon
nonoxi de (CO) levels. |If the Oy level is reduced too | ow,
upsets can occur such as snoking or high CO levels.?

Bur ner s- out - of - servi ce i nvol ves w thholding fuel flowto
all or part of the top row of burners so that only air is
all owed to pass through. This is acconplished by renoving the
pul verizer (or mll) that provides fuel to the upper row of
burners from service and keeping the air registers open. The
bal ance of the fuel is redirected to the | ower burners,
creating fuel-rich conditions in those burners. The remaining
air required to conplete conbustion is introduced through the
upper burners. This method sinulates air staging, or overfire
air conditions, and limts NO¢ formation by lowering the O
| evel in the burner area.

Bur ner s- out - of - servi ce can reduce the operating
flexibility of the boiler and can largely reduce the options
avai lable to a coal-fired utility during load fluctuations.
Also, if BOOS is inmproperly inplenented, stack opacity and CO
| evel s may increase. The success of BOOS depends on the
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initial NOg level; therefore, higher initial NO |evels
pronot e hi gher NO; reduction.?

Bi ased burner firing consists of firing the | ower rows of
burners nore fuel-rich than the upper row of burners. This
may be acconplished by maintaining normal air distribution in
all the burners and injecting nore fuel through the |ower
burners than through the upper burners. This can only be
acconplished for units that have excess mll| capacity;
otherwise, a unit derate (i.e., reduction in unit |oad) would
occur. This method provides a formof air staging and limts
fuel and thermal NO¢ formation by Iimting the Oy available in
the firing zone.

5.1.1.2 Factors Affecting Performance. |nplenentation
of LEA, BOGOS, and BF technol ogi es involve changes to the
normal operation of the boiler. Qperation of the boiler
outside the "normal range"” nmay result in undesirable
conditions in the furnace (i.e., slagging in the upper
furnace), reduced boiler efficiency (i.e., high levels of CO
and unburned carbon [UBC]), or reductions in unit | oad.

The appropriate level of LEA is unit-specific. Usually
at a given |oad, NO¢ em ssions decrease as excess air is
decreased. Lower than normal excess air |evels my be
achi evabl e for short periods of tine; however, slagging in the
upper furnace or high COlevels may result with | onger periods
of LEA. Therefore, the mninmum excess air level is generally
defined by the acceptable upper limt of CO em ssions and high
em ssions of UBC, which signal a decrease in boiler
efficiency. Flanme instability and slag deposits in the upper
furnace may al so define the mnimum excess air |evel.?

The applicability and appropriate configuration of BOOS
are unit-specific and | oad dependent. The mlls nust have
excess capacity to process nore fuel to the | ower burners.

Sonme boilers do not have excess m |l capacity; therefore, ful
| oad may not be achievable with a mll out of service. Also,
the upper m Il and correspondi ng burners would be required to

operate at full capacity during maintenance periods for mlls
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that serve the |lower burners. The BOOS pattern may not be
constant. For exanple, a BOOS pattern at |ow | oad may be very
different than that at high |oad.*

The sane factors affecting BOOS al so applies to BF, but
to a | esser degree. Because all mlls and burners remain in
service for BF, it is not necessary to have as nuch excess
mll capacity as with BOOS. Local reducing conditions in the
| ower burner region caused by the fuel-rich environnent
associated with BOOS and BF may cause increased tube wastage.
Addi tionally, increased upper furnace slaggi ng may occur
because of the | ower ash fusion tenperature associated with
reduci ng conditi ons.

5.1.1.3 Performance of Operational Mbdifications.

Tabl e 5-2

5-230



"jusoad g'g 01

‘Buuny Ja|log = paun| pue Builii4 Jouing pase g = 49

™MOO SONWNLIE ‘437109 @& H-TWN

JusoJad QG WO} S [9A3 | UsBAX0 Jo |10g Bu 1JaWO WO} e suo |1onpa .l

'sinoy ‘9l

‘90 INJSS - D - D -SJBuINg = g00g

‘1N $S89Xg Mo = VAT

‘elep 1selwlisl-lious =

‘uoudun = M\N
1Jous
1 10411u0D adAL

191S04 =\ pue X093 |M ® X2000eg =Awgd :Bu 11sau 1BUF UOo 11SNQUOD - 119A0g UWO I BaSY = JD-ggvy . 48 n 1de jnueu #wa.c_m__ w:cm reuib 1.0 = AD

9 L 1S1D
™D SN ANL 18 ‘A1 DA 14 ATV LINGDNV.L
Q
°s)
€990 |IN 211109 @ pue
SE) 9 || IAS N0
to—t)
g
()
9| [ 1AUOSUYDC K1 TIoyny
L Z Jawry A8 | [en uuaL
@) ‘@ whnN
pue Jawod yen
Q
{°s)
§ o 111nd8u) Jawnod U Jay Inos
(9-1) snaun |
o] Se-02Z =0T0 fale) e - -
ST-0T| ¥0-E0 e SN 108 YL 17 11N A3 14 -[IVO0, | | Suoshor £ Loy
S0-€7 0 1Jous " (M) .
. A3 | ren "uua
N a4 _— 65 0 00 A el
= 6€ 0 ¢9°0 ‘@
00T b 10 L0 J0d Jawod 211109 @
NO SNO ILWD 14 IGDN TWNO ILVe3dD 0 IDNVNSTEEEE™ | "2 -G 2aed.
1w AN
o)
20U 19 |ay (VT (ngaa g 1)
suoIsswe | “suo Iss wd Suo Iss we Pa1sal |  yjbue [043U0D A3 138989
£119eded ’
uo 110Npad | pa | 040D | pa | |0 41uodun

5-231



presents data fromfour utility boilers that use operational
nodi fications to reduce NO¢ em ssions. Three of the boilers,
(Crist 7, Potomac River 4, and Johnsonville) are not subject
to new source perfornmance standards (NSPS) and do not have any
NOk controls; MII Creek 3 and Conesville 5 are subject to
subpart D standards; and Hunter 2 is subject to subpart Da
standards. MI| Creek 3 has dual -register burners (early

LNB), Conesville 5 has OFA ports, and Hunter 2 has OFA and LNB
in order to nmeet the NSPS NOy limts. The data presented show
only the effect of reducing the excess air |level on three of
these units. On one unit (Crist 7), the fuel was biased in
addition to lowering the excess air.

As shown in table 5-2, LEA reduced NO; em ssions by as
much as 21 percent from baseline |evels for the subpart D and
subpart Da units. These three units had uncontrolled NO
| evel s of 0.63 to 0.69 pound per mllion British thermal unit
(I b/ MVBtu) and were reduced to 0.53 to 0.56 | b/ MvBtu with LEA
For several units at the Johnsonville plant, LEA reduced the
NOx levels to 0.4-0.5 I b/MvBtu, or 10-15 percent while BOOS
reduced the NO¢ to 0.3-0.4 | b/MVBtu or 20-35 percent. A
boi |l er tuning program at Potomac River 4 reduced NOy by
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approxi mately 40 percent and consisted of a conbi nation of
| onering the excess air, inproving mll performance,
optim zing burner tilt, and biasing the fuel and air.

A conbination of BF and LEA on Crist 7 shows
approximately 21 percent reduction in NO¢ em ssions. This

unit had high uncontrolled NO enissions of 1.27 |b/MVBtu;

therefore, the NOt |level was only reduced to 1.0 | b/MVBtu with
BE and LEA. The baseline or uncontrolled NO¢ | evel did not

seemto influence the percent NO¢ reduction; however, al
these units are less than 20 years old and may be nore
anenabl e to changi ng operating conditions than ol der boilers
that have snaller furnace vol unes and outdated control systens
and equi pnent .
5.1.2 Overfire Air

5.1.2.1 Process Description. Overfire air is a
conmbustion control techni que whereby a percentage of the total
conmbustion air is diverted fromthe burners and injected
t hrough ports above the top burner level. The total anmount of
conbustion air fed to the furnace remai ns unchanged. |In the
typi cal boiler shown in figure 5-1a,
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Figure 5-1a. Typical opposed
wal | -fired boiler.?

Figure 5-1b. Opposed wall-fired
boiler with overfire air.?
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all the air and fuel are introduced into the furnace through
t he burners, which formthe main conbustion zone. For an OFA
system such as in figure 5-1b, approximately 5 to 20 percent
of the conbustion air is injected above the main conbustion
zone to formthe conbustion conpletion zone.® Since OFA

i ntroduces conbustion air at two different locations in the
furnace, this conmbustion hardware nodification is also called
ai r staging.

Overfire air limts NOy enm ssions by two nmechani sns:

(1) suppressing thermal NO¢ formation by partially del aying
and extendi ng the conmbustion process, resulting in |ess

i nt ense conbustion and cool er flane tenperatures, and

(2) suppressing fuel NO¢ formation by |owering the
concentration of air in the burner conbustion zone where
vol atile fuel nitrogen is evolved.?
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Overfire air can be applied to tangentially-fired,
wal | -fired, turbo, and stoker boilers. However, OFA is not
used on cycl one boil ers and other slag-tapping furnaces
because it can alter the heat release profile of the furnace,
whi ch can greatly change the slagging characteristics of the
boiler. Overfire air was incorporated into boiler designs as
a NOy control to neet the subpart D and subpart Da standards.
The OFA was used in both wall and tangential designs.

Many pre-NSPS boilers were designed with small furnaces
and limted space between the top row of burners and the
convective pass, thus precluding installation of OFA on these
units. Overfire air retrofits are often unfeasible for these
boi |l ers because overfire air m xing and carbon burnout nust be
conpleted within this limted space. For units where
retrofitting is feasible, the structural integrity of the
burner wall, interference with other existing equipnent, the
| evel of NOy reduction required, and econom cs determ ne the
nunber and arrangenent of OFA ports.

5.1.2.1.1 Wall-fired boilers. There are two types of
OFA for wall-fired boilers which are typically referred to as
conventional OFA and advanced OFA (AOFA). Conventional OFA
systens such as in figure 5-2a
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Fi gure 5-2a.

Fi gure 5-2b.

Conventi onal overfire air
on an oEposed wal |l -fired
boi |l er.

Advanced overfire air
on an oEposed wal | -fired
boi | er.
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direct a percentage of the total conbustion air--less than
20 percent--fromthe burners to ports | ocated above the top
burners.?® Because air for conventional OFA systens is taken
fromthe same wi ndbox, ability to control air flowto the OFA
ports may be limted.

Advanced OFA systens have separate w ndboxes and ducti ng,
and the OFA ports can be optinmally placed to achi eve better
air mxing wwth the fuel-rich conbustion products. The ACFA
systens as shown in figure 5-2b usually inject nore air at
greater velocities than conventional OFA systens, giVing
i nproved penetration of air across the furnace wi dth and
greater NOy reduction.?®
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5.1.2.1.2 Tangentially-fired boilers. Overfire air
systens for tangentially-fired boilers are shown in figure 5-3
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Figure 5-3. Tangential boiler w ndbox/burner
arrangenent with overfire air systens.

5-241



and are typically referred to as cl ose-coupl ed OFA (CCOFA) and
separated OFA (SOFA). The CCOFA, anal ogous to conventi onal
OFA for wall-fired boilers, directs a portion of the total
conbustion air fromthe burners to ports |ocated above the top
burner in each corner. The SOFA systens are anal ogous to ACFA
for wall-fired boilers and have a separate w ndbox and
ducting. In sone cases, the close-coupled OFA may be used in
conbi nation with separated OFA as described in section 5.1.4.

5.1.2.2 Factors Affecting Performance. Sone OFA systens
cause an increase of inconplete conbustion products (UBC, CO
and organi ¢ conpounds), tube corrosion, and upper furnace ash
deposits (slagging and fouling). The nunber, size, and
| ocation of the OFA ports as well as the OFA jet velocity nust
be adequate to ensure conpl ete conbustion

To have effective NOy reduction, AOFA and SOFA systens
must have adequate separation between the top burner row and
the OFA ports. However, efficient boiler operation requires

maxi m zi ng the residence tine avail able for carbon burnout

bet ween the OFA ports and the furnace exit, which neans

| ocating the AOFA or SOFA ports as close to the burners as
practical . These conflicting requirenents nust be considered
when retrofitting and operating boilers with these types of
OFA systens.

I ncreasi ng the amount of OFA, can reduce NOy em ssions;
however, this nmeans that less air (Op) is available in the
primary conbustion zone. The resulting reducing atnosphere in
the |l ower furnace can lead to increased corrosi on and change
furnace heat release rates and flue gas exit tenperature.
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5.1.2.3 Performance of Overfire Air. The perfornmance of
several OFA systens is shown in table 5-3.

5-244



1N 8l1118/0 paleredss = vOS pue ‘IN 811}118/0 =V ‘1N 811}18/0 pa |dnod-8so P = Y0D00

'S Inoy

9t

's1Jod v-D

's1ay1o Jo}

19 |99y 191504 =Ad

feo1dA1 uey1 siauing anoge Jayb Iy pa1edo | ale pue wa 1SAS uingal seb

.d. 91ou 01 I8l

‘asn u 1 Jabuo | ou ae pue juaud inbs

‘uo 1yeJod 0D Yo Jeasay

wﬂwm/w.mk_ = 8ld pue ‘gq 1ledgns = &g g 1sedgns =@ :plepuels

‘elep 1S81WIS1-1J0YS = 1Joys pue ‘potsed yau G- Joj abelsae A |inoy ueau ‘8-

I ‘e Yep NED wJa1-Buo] = Buod
[e auuo J Inug pue ABJaug = O
‘1N 811]I8/0 padueApy = VDV

‘Bu 1198u IBUF UO 11SNAQUOD - 1J8A0G UWO g Basy = D -ggv :Join1oe jnugy juaud inbg

reuibrio atawn siiod v-D
™MOO SONWNIL I ‘SB109 @ I4-TWA\
feinyeu jo 1ied vD

*]01]Ju0d

101U adAL

reu1b 1.0 = N

™CO SONWNLIE ‘431 PehGR 14 ATV IINSONVL

VT
T FRFSE I ‘D Jawod
e |ayebuou
- o 860 o 19y N
Ll . 60T Buo
06 0
€1 ve 60 €T 08 Buoq
00T Buo
o1 060 00T aYe) ()
o1 & 060 00T 08 110us )
060 0c1 00T 1lous VDY ¥ puauue .
11oys (S8
Jawnod e 16 1o
@)
L . \ ¢ oY
S0 ©d) ‘O Wb
® Jlawod yen
11 o) T u idauugy
‘O
Jawod sioul |||
N ASERREY
2010 19 | o NI - -
SHA T 0% di 11N Dblﬁ._ H-TvO0 S N NO VY0 0O TIONYMAROIEAd e = [=ivA
SUO ISSWB | ‘sud 1ad ud Suo ISs wa 3159
ISS L SUO ISS Wd PS8l | yibus A1 138989
A110ede) Y .
uo 119npad | pa|j0Jud | pa||0JIuodun

5-245



The table contains two tangentially-fired boilers (one pre-
NSPS wi th SOFA and one subpart Da with CCOFA) and two wall -
fired boilers (one pre-NSPS with AOFA and one subpart Da with
OFA) .

Hennepin 1 is a 75 nmegawatt (MAN pre-NSPS boiler that has
a retrofit natural gas reburn system The OFA ports are part
of the reburn system and are | ocated higher above the top row
of burners than a typical OFA systemretrofit. The gas reburn
systemwas not in operation when this data was coll ected.
Hunter 2 is a 446 MN subpart Da boiler that has CCOFA ports
that are typical of OFA systens for this vintage boiler.’

Both of the tangential boilers had simlar uncontroll ed NO
levels in the range of 0.58 to 0.64 | b/ MVBtu. Wth the SOFA
and CCOFA systens, the NOy was reduced by approximately

20 percent, to 0.46 to 0.50 | b/ MvBt u.

The OFA applications on wall-fired boilers include a
retrofit of AOFA on Hammond 4 and an original installation on
Pl easants 2. Both short-termand |long-termdata are shown for
Hanmond 4. The short-termem ssion levels for any boiler can
be very different fromthe corresponding |ong-termlevels;
however, for Hammond 4, the short-term and | ong-term em ssi ons
are simlar. Normally, the differences in |long-term and
short-termdata nay be the result of the boiler being operated
at a specific test condition with a nunber of variables (i.e.,
| oad, boiler Oy, mll pattern) held constant. The long-term
data represents the "typical" day-to-day variations in NO
em ssions under normal operating conditions.

The short-termdata for Hammond 4 show control | ed NOy
em ssions of 0.9 | b/MVBtu across the | oad range, representing
a 10 to 25 percent NOy reduction. The long-termdata for
Hanmond 4 show simlar reductions of 11 to 24 percent across
the | oad range. The controlled NO; enmission |level for the
pre-NSPS wal | -fired boilers is nearly twice as high as the NO
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| evel s for tangential boilers due to the higher uncontrolled
NOy | evel and burner/boiler design.

The OFA system at Pl easants 2 reduced NOk to
approximately 0.7 | b/MVBtu (representing 26 percent NOy
reduction) at full load. Pleasants 2 is a subpart Da boiler
with the OFA system as original equipnent. The furnace vol une
for this boiler is nuch larger than that in pre-NSPS boilers.
The controlled level is higher than for tangential boilers due
to the higher uncontrolled NOt | evel and burner/boil er design.
The uncontroll ed data represents operation when the OFA system
was cl osed. The OFA system al one did not reduce NOk to the
requi red NSPS | evel s and was subsequently closed off when the
LNB wer e upgraded. *?

5.1.3 Low NO¢ Burners

5.1.3.1 Process Description. Low NOk burners have been
devel oped by many boil er and burner manufacturers for both new
and retrofit applications. Low NO burners [imt NO
formati on by controlling both the stoichionmetric and

tenperature profiles of the conbustion process in each burner
flame envelope. This control is achieved with design features
that regul ate the aerodynam c distribution and m xi ng of the
fuel and air, yielding one or nore of the foll ow ng
condi ti ons:

1. Reduced Oy in the prinmary conbustion zone, which
limts fuel NO¢ formation;

2. Reduced fl ame tenperature, which limts thermal NO
formation; and

3. Reduced residence tine at peak tenperature, which
limts thermal NO¢ formation.

Wil e tangential boilers have "coal and air nozzl es"
rather than "burners” as in wall-fired boilers, the term"LNB"
is used for both tangential and wall applications in this
docunent. Low NOy burner designs can be divided into two
general categories: "delayed conbustion” and "internal
staged."” Del ayed conmbustion LNB are designed to decrease
flame turbul ence (thus delaying fuel/air mxing) in the
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primary conbustion zone, thereby establishing a fuel-rich
condition in the initial stages of conbustion. This design
departs fromtraditional burner designs, which pronote rapid
conbustion in turbulent, high-intensity flanmes. The | onger,
| ess intense flanes produced with del ayed conmbusti on LNB
inhibit thermal NOy generation because of |ower flame
tenperatures. Furthernore, the decreased availability of O
in the primary conmbustion zone inhibits fuel NO¢ conversion.
Thus, del ayed conbustion LNB control both thermal and fuel
NO .

Internally staged LNB are designed to create stratified
fuel-rich and fuel -lean conditions in or near the burner. In
the fuel-rich regions, conmbustion occurs under reducing
condi tions, pronoting the conversion of fuel nitrogen (Np) to
No and inhibiting fuel NOk formation. In the fuel-Iean
regi ons, conbustion is conpleted at | ower tenperatures, thus
i nhi biting thermal NOy formation.

Low NOx burners are widely used in both wall- and
tangentially fired utility boilers and are custom desi gned for
each boiler application. |In nmany cases, the LNB and air

register will have the sane di nensions as the existing burner
system and can be inserted into the existing w ndbox and
furnace wall openings. However, in other cases, waterwall and
wi ndbox nodi fications require pressure part changes to obtain
t he desired NOy reductions.

5.1.3.1.1 Wall-fired boilers. A nunber of different LNB
desi gns have been devel oped by burner manufacturers for use
with wall-fired boilers. Several of these designs are
di scussed bel ow.

The Controlled Flow Split Flame™ (CF/ SF) burner shown in
figure 5-4
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Figure 5-4. Controlled Flow Split Flame™ | ow NO; burner. ™
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is an internally-staged design which stages the secondary air
and primary air and fuel flowwithin the burner's throat.*
The burner nanme is derived fromthe operating functions of the
burner: (1) controlled flowis
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achi eved by the dual register design, which provides for the
control of the inner and outer air swirl, allow ng i ndependent
control of the quantity of secondary air to each burner, and
(2) the split-flame is acconplished in the coal injection
nozzl e, which segregates the coal into four concentrated
streans. The result is that volatiles in the coal are
rel eased and burned under nore reducing conditions than would
ot herwi se occur without the split flame nozzle. Conbustion
under these conditions converts the nitrogen species contained
in the volatiles to Np, thus reduci ng NOy formation.*

The Internal Fuel Staged™ (IFS) burner, shown in
figure 5-5
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Figure 5-5. Internal Fuel Staged™ |ow NO burner. '
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, is simlar to the CF/SF burner.! The two designs are nearly
i dentical, except that the split-flanme nozzle has been

repl aced by the I'FS nozzle, which generates a coaxial flane
surrounded by split flanes.

The Dual Register Burner - Axial Control Flow™ (DRB-XCL)
wal | -fired LNB operates on the principle of del ayed
conmbustion. The burner diverts air fromthe central core of
the flame and reduces |ocal stoichionmetry during coa
devol atization to mnimze initial NO formation. The DRB- XCL
i s designed for use wi thout conpartnented w ndboxes, and the
flame shape can be tuned to fit the furnace by use of
inmpellers. As shown in figure 5-6
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Figure 5-6. Dual Register Burner-Axial Control Flow™
| ow NOy burner. *°
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, the burner is equipped with fixed spin vanes in the outer
air zone that nove secondary air to the periphery of the
burner.' Al so, adjustable spin vanes are located in the
outer- and inner-air zones of the burner. The inner spin vane
adj usts the shape of the flame, which is typically long. The
outer spin vane inparts swirl to the flame pattern. The flane
stabilizing ring at the exit of the coal nozzl e enhances
turbul ence and pronotes rapid devol atization of the fuel. An
air-flow nmeasuring device located in the air sleeve of each
burner provides a relative indication of air flow through each
burner and is used to detect burner-to-burner flow inbal ances
wi thin the w ndbox.*
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The RO 1l burner consists of a single air inlet, dual-
zone air register, tangential inlet coal nozzle, and a fl ane-
stabilizing nozzle tip. Figure 5-7
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shows the key conponents of the burner.!® Conbustion air is
admtted to both zones of the air register and the tangenti al
inlet produces a swirling action. The swirling air produces a
"forced vortex" air flow pattern and around the coat jet.
This pattern creates | ocal staging of conbustion by
controlling the coal/air mxing, thus reducing NOk formation.

The Controlled Conbustion Venturi™ (CCV) burner for
wal | -fired boilers is shown in figure 5-8.

16
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" Nitrogen oxide control is achieved through the venturi coa

nozzle and low swirl coal spreader |located in the center of
the burner. The venturi nozzle concentrates the fuel and air
in the center of the coal nozzle, creating a very fuel-rich
m xture. As this m xture passes over the coal spreader, the
bl ades divide the coal streaminto four distinct streans,
whi ch then enter the furnace in a helical pattern. Secondary
air is introduced to the furnace through the air register and
burner barrel. The coal is devolatized at the burner exit in
an fuel-rich primary conbustion zone, resulting in | ower fuel
NO¢ conversion. Peak flane tenperature is also |owered, thus
suppressing the thernmal NO¢ fornmation.*

The Low NOy Cell Burner™ (LNCB), devel oped for wall-fired
boi l ers equi pped with cell burners, is shown in figure 5-9.
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> Typically, in the LNCB design, the original tw coal nozzles
are replaced with a single enlarged injection nozzle in the

| ower throat and a secondary air injection port in the upper
throat, which essentially acts as OFA. However, in sone
cases, it may be reversed with sonme of the fuel-rich burners
in the upper throat and sone of the air ports in the | ower
throat to prevent high CO and hydrogen sulfide (HpS) |evels.
The exact configuration depends on the boiler. The flane
shape is controlled by an inpeller at the exit of the fuel
nozzl e and by adjustable spin vanes in the secondary air
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zone. During firing, the lower fuel nozzle operates in a
fuel-rich condition, with the additional air entering through
the upper air port. Sliding danpers nounted in the upper and
| oner throats bal ance the secondary air flow. *®°

The Tertiary Staged Venturi ™ (TSV) burner shown in
figure 5-10

5-267



5-268



was designed for turbo, down-fired, and arch-fired boilers.?*

Simlar to the CCV design, the TSV burner features a venturi
shaped coal nozzle and |ow swirl coal spreader, but uses
additional tertiary air and an advanced air staging system
The principles used to reduce NOk; are the sanme used with the
CCV burner.

5.1.3.1.2 Tangentially-fired boilers. A nunber of
different LNB desi gns have been devel oped by burner
manuf acturers for use in tangentially-fired boilers. Several
of these designs are discussed in this section. The
traditional burner arrangenent in tangentially-fired boilers
consists of corner-nounted vertical burner assenblies from
which fuel and air are injected into the furnace as shown in
figure 5-11la
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Figure 5-11a. Typical fuel and air
conpart nment arrangenent
for a tangentially-
fired boiler.'®

Figure 5-11b. Plan view of fuel and
air streans in a typical
tangentially-fired boiler.?'®
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.® The fuel and air nozzles are directed tangent to an
imaginary circle in the center of the furnace, generating a
rotating fireball in the center of the boiler as shown in
figure 5-11b.*® Each corner has its own w ndbox that supplies
primary air through the air conpartnments |ocated above and
bel ow each fuel conpartnent.

In the early 1980's, the | ow NO¢ concentric firing
techni que was introduced for tangentially-fired boilers and is
shown in figure 5-12a
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Figure 5-12a. Low Concentric Firing
Syste fuel and air
conpartment arrangenent. *®

Figure 5-12b. Plan view of |ow
NOy Concentric
Firing System™ *®
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.® This techni que changes the air flow through the wi ndbox;
however, the primary air is not affected. A portion of the
secondary air is directed away fromthe fireball and toward
the furnace wall as shown in figure 5-12b.*® The existing coal
nozzles in the burner conpartnents are replaced with "flanme
attachnment” nozzle tips that accelerate the devolitization of
the coal. This configuration suppresses NOy em ssions by
providing an Oy richer environnment along the furnace walls.
This can al so
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reduce the slagging and tube corrosion problens often
associated wth conbustion sl aggi ng.

To retrofit existing tangentially-fired boilers with
concentric firing, all of the air and fuel nozzles nust be
repl aced. However, structural, w ndbox, or waterwall changes
may not be required. Several systens are avail able that use
the concentric firing technique in conbination with OFA
These systens are classified as a famly of technol ogi es
call ed the Low NO; Concentric Firing System™ (LNCFS) and are
di scussed in section 5.1.4 (LNB + OFA)

The Pol lution M nimun™ (PM burner has al so been
devel oped for tangentially-fired boilers. Al though a PM
burner system has been retrofitted in one boiler, this burner
wi |l probably only be used for new applications in the future
because of the extensive nodifications required to the fuel
piping. As shown in figure 5-13
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, the PM burner systemuses a coal separator that
aerodynamcally divides the primary air and coal into two
streans, one fuel-rich and the other fuel-lean.' Thus, NO
em ssions are reduced through controlling the |ocal
stoichionetry in the near-burner zone.
The retrofit of a PM burner involves installing new
wi ndboxes and auxiliary firing equi prent, upgrading the
exi sting control system and nodifying the waterwal|l and coal
pi ping. The PM burner is used with conventional and advanced
OFA systens.'® These systens are discussed in section 5.1.5.1.
5.1.3.1.3 Cyclone-fired boilers. There are currently no
LNB avail able for cyclone-fired boilers. As discussed in
chapter 3, cyclones boilers are slag-tapping furnaces, in
which the fuel is fired in cylindrical chanbers rather than
wi th conventional burners. 1In addition, cyclone boilers are
i nflexible to nodification because of rigid operating
specifications. Proper furnace tenperature and hi gh heat
rel ease rates are required to maintain effective slag-tapping
in the furnace. Operating experiences suggest that these
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paraneters cannot be altered in a cyclone boiler to the degree
required for adequate NO; control .

5.1.3.2 Factors Affecting Performance. The
ef fectiveness of LNB, especially for retrofit cases, depends
on a nunber of site-specific paranmeters. Low NOy burners are
general ly larger than conventional burners and require nore
precise control of fuel/air distribution. Their perfornmance
depends partially on increasing the size of the conbustion
zone to accommpdate | onger flanmes. Because of this, LNB are
expected to be less effective when retrofit on relatively
smal | furnaces.

In order to retrofit LNB in wall-fired boilers, the
exi sting burners nust be renoved and replaced. |In sonme cases,
sone of the waterwall tubes nmay have to be bent in order to
install the larger LNB. Also, the LNB may have | onger fl anes
that could inpinge on the opposite furnace wall and
super heater tubes which can be a problemfor boilers with
smal | furnace depths. Potential solutions to flanme
i mpi ngenent include adjusting velocities of the coal or

primary air, adjusting secondary air, and/or relocating sone
super heater tubes. Boilers with very small furnaces may have
to be derated in order to prevent flane inpingenment at ful

| oad.

To retrofit a tangentially-fired boiler, the existing
fuel and air nozzles nust be renoved and replaced. For sone
tangentially-fired LNB systens, the new air and fuel nozzles
and CCOFA can be placed in the existing windbox opening. To
retrofit SOFA, new openings nmust be made above the existing
wi ndbox.

The fuel-rich operating conditions of LNB generate
| ocal i zed reducing conditions in the | ower furnace regi on and
can increase the slagging tendency of the coal. To reduce
this potential for slagging, some conmbustion air can be
diverted fromthe burner and passed over the furnace wall
surfaces, providing a boundary air |ayer that maintains an
oxi di zing atnosphere close to the tube walls. The generally
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| onger flanes of sone LNB will tend to increase furnace exit
and superheat/reheat tube tenperatures. Sone LNB operate with
a higher pressure drop or may require slightly higher excess
air levels in the furnace at full load to ensure good carbon
burnout, thus increasing fan requirenents.

Anot her consideration in retrofitting LNB is nodifying
t he wi ndbox. Modifications may include the addition of
danpers and baffles for better control of conbustion air flow
to burner rows and conbustion air distribution to burners
within a row. Also, the wi ndbox nust be | arge enough to
accommodate the LNB. |If the existing w ndbox requires
substantial nodifications to structural conmponents, major
re-pi pi ng, and/ or wi ndbox replacenment, retrofitting LNB may
not be feasible.

5.1.3.3 Performance of Low NO¢ Burners

5.1.3.3.1 Retrofit applications. The perfornmance of
retrofit LNB is presented in table 5-4.
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Tabl e 5-4 conti nued
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There are two tangentially-fired units |listed that have
retrofit LNCFS | technol ogy which incorporates CCOFA within
the original w ndbox opening. For this reason, the LNCFS |
technology is included in the LNB section. One tangenti al
unit, Lansing Smith 2, is a pre-NSPS unit while the other,
Hunter 2, is a subpart Da unit. Both of these boilers fire
bi t um nous coal

Short-termcontrolled data for Lansing Smth 2 ranged
fromO0.39 to 0.43 I b/ MVBtu across the | oad range. Long-term
controll ed NOty em ssions (nmean val ues of hourly averages for 2
to 3 nonths) for Lansing Smth 2 were simlar to short-term
data and averaged 0.41 | b/MvBtu at near full-load conditions
wth LNCFS | as conpared to an uncontrolled | evel of
0.64 I b/MvBtu. At 70 percent |oad, the controlled NOg |evel
decreased slightly to 0.4 | b/ MvBt u.

The long-termdata fromLansing Smth 2 shows 36 to
37 percent NOy reduction, whereas the short-termdata shows 41
to 48 percent reduction. The long-termdata is probably nore
representative of actual day-to-day NOy em ssion | evels during
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normal boiler operation than the short-term data taken during
specific test conditions. Lansing Smith 2 is also evaluating

LNCFS Il and |1l as part of a U S. Departnent of Energy (DOE)
| nnovative C ean Coal Technology project. The results from
the LNCFS Il and Il denonstrations are presented in

section 5.1.4.3. 1.

For Hunter 2, the uncontrolled |evel of 0.64 | b/ MBtu
represents operation with original burners but w thout the
OFA. The LNCFS | systemreduced the NO¢ to 0.35 | b/ MVBtu at
full-load during short-termtests (45 percent NOy reduction).
The long-termdata (4 sets of 30-day rolling averages) taken
during normal | ow NOy operation indicates an em ssion |evel of
0.41 I b/MVBtu at an average 70 percent |oad. The average NOy
reduction for these units was 35 to 45 percent with LNCFS |
technol ogy which is simlar to the results at Lansing Smth.

There are eight wall-fired boilers noted on table 5-4
that fire bitum nous coal. O these, two pre-NSPS boilers
have been retrofit with the XCL™ burner. Edgewater 4 and
Gaston 2 had uncontrol |l ed NO em ssions in the range of 0.76
to 0.85 I b/MWBtu at full-load and were reduced to 0.4 to
0.52 I b/MVBtu with the XCL™ burner (39 to 47 percent).

Figure 5-14
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Figure 5-14. Short-termcontrolled NO¢ em ssions from
wal I -fired boilers with retrofit LNB.
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shows trends in controlled NOk |evels for Edgewater 4,

Gaston 2, Four Corners 3 and 4, Hammond 4, and Pl easants 2 as
a function of boiler load. Typically, at higher |oads the
controlled NO¢ is higher. The short-termcontrolled NO
em ssions from both Edgewater and Gaston reduced as the | oad
decreased. The CCV™ burner reduced uncontrolled NO; emni ssions
of 1.1 Ib/MVBtu by 50 percent to 0.55 I b/MVBtu (Duck Creek 1).

For the two units with the IFS™ burner, the NO; enissions
were reduced 48 to 55 percent. One of these boilers
(Johnsonville 8) had an uncontrolled NO¢ |evel of 1.0 | b/ MvBtu
and was reduced by 55 percent whereas the other (Col bert 3)
had a | ower uncontrolled NO¢ | evel of 0.77 | b/MVBtu and was
reduced by only 48 percent.
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For the pre-NSPS boiler retrofit with the CF/ SF™ bur ner
(Hammond 4), the NOy was reduced from uncontrolled | evels of
approximately 1.2 I b/MVBtu by 45 to 50 percent to 0.6 | b/ MvBtu
(short-termtest data) and 0.7 | b/MVBtu (long-termtest data).
The subpart Da unit (Pleasants 2) had uncontrolled NO
em ssions of 0.95 | b/ MVBtu and was reduced to 0.45 | b/ MvBtu
with the CF/ SF™ burner (53 percent reduction). This unit was
al so originally equipped with OFA ports which were closed off
when the new LNB were installed. The uncontrolled NO |evel
of 0.95 Ib/MWBtu is froma short-termtest wi thout OFA. As
figure 5-3 shows, the NOx emi ssions from Hanmond and Pl easants
decreased as the | oad decreased.

One boiler, Quindaro 2, was retrofitted with the RO II
LNB. Testing was conducted with both a bitum nous and a
subbi tum nous coal. Uncontrolled NOk |evels were not neasured
and the controlled NOk levels at full-load while firing
bi tum nous coal was 0.53 | b/MVBtu and 0.45 | b/MVBtu at half-
| oad.

There are seven boilers on table 5-4 that fire
subbi t um nous coal, five of which have been retrofitted with
the CF/ SF™ burner, one with the IFS burner, and one with the
RO- 11 burner. Two of the units, Four Corners 4 and 5, were
originally 3-nozzle cell units and the burner pattern was
changed to a "standard" opposed-wall configuration during the
retrofit. Therefore, these units are not typical of a direct
plug-in LNB retrofit.

The NOy emi ssions at Cherokee 3 were reduced from
0.73 Ib/MBtu with the I'FS burner to 0.5 | b/ MMBtu, or
31 percent. This boiler also has a natural gas reburn system
however, this data is without reburn. The NOx em ssions at
Four Corners 3 were reduced to approximtely 0.6 | b/ MvBtu with
the CF/ SF™ burner. Neither the uncontrolled |level nor the
percent reduction were reported.

The San Juan 1 unit was designed to neet an emni ssion
l[imt of 0.7 I b/MVBtu but was unable to nmeet this level wth
OFA al one. The NOy was reduced fromO0.95 | b/ MVBtu (wth OFA)
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to a controlled level of 0.4 Ib/MVBtu (with LNB), or

58 percent reduction. San Juan 1 had fairly high uncontrolled
NOx | evels which may be a factor in attaining the high percent
reduction.

The short-termcontrolled NO¢ em ssions for the subpart D
unit (J.H Canpbell 3) was 0.39 to 0.46 | b/ MvBtu at full-I oad
with the CF/SF™ burner. This unit was originally equipped
with OFA ports which were subsequently closed off when the new
LNB were installed. The uncontrolled NO; em ssions are with
the OFA in service. By installing LNB on this unit and
closing the existing OFA ports, approximately 30-40 percent
NOy reduction was achi eved.

At Four Corners 4 and 5, the NO¢ was reduced from an
uncontrolled level of 1.15 Ib/MVBtu to controlled |evels of
0.49 to 0.57 I b/MvBtu (short-tern) and 0.5 to 0.65 | b/ MVBtu
(long-term). This corresponds to 50 to 57 percent reduction.
Since these units were originally cell boilers, they had
hi gher uncontrol |l ed NOy em ssions than the standard wall-fired
boi | er configuration, and subsequently higher controlled NO
em Ssi ons.

Quindaro 2 was retrofitted with the ROIl LNB and tested
wi th both bitum nous and subbitum nous coal. On subbitum nous
coal, the NO; em ssions were reduced to 0.35 | b/MVBtu at full-
| oad and to 0.28 I b/MvBtu at half-load. The one cell-fired
boiler (JM Stuart 4) shown on table 5-4 fires bitum nous coal
and had high (short-ternm) uncontrolled NO, em ssions of 0.70
to 1.22 | b/ MVBtu across the |load range. After retrofitting
the LNCB, the NO; was reduced to 0.37 to 0.55 I b/MvBtu (47 to
55 percent). The LNCB is a direct burner replacenent and the
boiler remains in a cell unit configuration.

To summari ze, the tangentially-fired boilers that fire
bi tum nous coal had uncontrolled NOy em ssions in the range of
0.62 to 0.64 | b/ MBtu and were reduced by 35 to 45 percent
with the LNCFS | technology to controlled levels of 0.35 to
0.4 Ib/MBtu (long-termdata). The wall-fired boilers that
fire bitum nous coal had uncontrolled NO¢ em ssions in the
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range of 0.75 to 1.2 | b/ MvBtu and were reduced by 40 to
50 percent with LNB to controlled levels of 0.4 to
0.7 Ib/MVBtu (long-termdata). The wi de range of NOy
em ssions is due to factors such as boiler age, boiler and
burner design, heat rel ease rates, and furnace volune. And,
the wall-fired boilers that fire subbitum nous coal had
uncontrol | ed NOk em ssions of 0.6 to 1.2 | b/MVBtu and were
reduced by 40 to 60 percent to controlled levels of 0.4 to
0.6 I b/MVBtu. The w de range of uncontrolled NO¢ em ssions is
due to the original cell configuration of two boilers (high
uncontrol |l ed NO | evels), boiler and burner design, heat
rel ease rates, and furnace vol une.

5.1.3.3.2 New units. This section provides information
on NOyk emi ssions fromnew boil ers subject to NSPS subpart Da
standards with LNB as original equipnent. The performance of
original LNB on 9 new tangentially-fired and 12 new wal | -fired
boilers is presented in table 5-5.
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The tangentially-fired boilers have CCOFA within the main
w ndbox opening and for this reason, it is included in the LNB
section. The wall-fired boilers have LNB only.

Short-term averages of NOy em ssions fromthe tangenti al
units firing bitum nous coal and operating at near full-1|oad
range fromO0.41 to 0.51 I b/MVBtu at near full-load conditions.
For the subbitum nous coal -fired tangential boilers, the NO
em ssions ranged fromO0.35 to 0.42 | b/MVBtu. And, the NO
em ssions fromthe lignite-fired boilers ranged fromO0.46 to
0.48 I b/MBtu. As shown in figure 5-15
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Figure 5-15. NO¢ em ssions fromnew tangentially-fired
boilers with LNB + CCOFA.
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, the NO¢ emissions for three tangential units increased when
operated at | ow | oads. Short-term averages of NOyx em ssions
fromthe wall-fired units firing bitum nous coal range from
0.28 to 0.52 I b/MWBtu at near full-load conditions. For the
subbi t um nous coal -fired wall boilers, the NO( em ssions
ranged fromO0.26 to 0.47 | b/ MvBtu whereas the lignite-fired

boi |l er was
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0.39 Ib/MvBtu. Two wall units reported NOy at | ower |oads and
as shown in figure 5-16
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Figure 5-16. NOk em ssions fromnew wall-fired
boilers with LNB.
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, the NOy decreased as | oad decreased. 5.1.4 Low NO¢ Burners
and Overfire Air

5.1.4.1 Process Description. Low NOx burners and OFA
are conpl enmentary conbustion nodifications for NO¢ control
that incorporate both the | ocalized stagi ng process inherent
in LNB designs and the bul k-furnace air staging of OFA. \Wen
OFA is used with LNB, a portion of the air supplied to the
burners is diverted to OFA ports | ocated above the top burner
row. This reduces the amount of air in the burner zone to an
anount below that required for conplete conbustion. The final
burn-out of the fuel-rich conbustion gases is delayed until
the OFAis injected into the furnace. Using OFA wth LNB
decreases the rate of conbustion, and a | ess intense, cooler
flame results, which suppresses the formation of thermal NO.

In wall-fired boilers, LNB can be coupled with either OFA
or AOFA. Figure 5-17
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Figure 5-17. Advanced OFA systemwith LNB.*
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shows a schematic of a wall-fired boiler with ACFA conbi ned
with LNB.* Section 5.1.2 describes both OFA and ACFA systens.
In tangentially-fired boilers, OFAis incorporated into
the LNB design, form ng a LNB and OFA system These systens
use CCOFA and/or SOFA and are classified as a famly of
technol ogi es call ed LNCFS. There are three possible LNCFS
arrangenents shown in figure 5-18
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Figure 5-18. Low NOy concentric firing systens.®®
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.%® For LNCFS Level |, CCOFA is integrated directly into the
exi sting wi ndbox by exchangi ng the highest coal nozzle with
the air nozzle immediately belowit. This configuration
requires no major nodifications to the boiler or w ndbox
geonetry. In LNCFS Level |1, SOFA is used above the w ndbox.
The air supply ductwork for the SCOFA is taken fromthe
secondary air duct and routed to the corner of the furnace
above the existing wi ndbox. The inlet pressure of the SOFA
system can be increased above the primary w ndbox pressure
usi ng danpers downstream of the takeoff in the secondary air
duct. The quantity and velocity of the SOFA injected into the
furnace can be higher than those |evels
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possi ble with CCOFA, providing better m xing. The LNCFS

Level 111 uses both CCOFA and SCFA for maxi num control and
flexibility of the staging process. Process descriptions of
OFA and LNB are discussed in detail in sections 5.1.2.1 and

5.1.3.1 of this docunent.

5.1.4.2 Factors Affecting Performance. Design and
operational factors affecting the NOx em ssion control
performance of conbined LNB + OFA are the sane as those
di scussed in sections 5.1.2.3 and 5.1.3.2, for the individual
controls.

5.1.4.3 Performance of Low NOy Burners and Overfire Ar

5.1.4.3.1 Retrofit applications. The results from
several different types of retrofit LNB + OFA systens
presented in table 5-6.
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The uncontroll ed and controlled NOt em ssion data presented
in this table are averages fromshort-termtests (i.e., hours)
or fromlonger periods (i.e., 2 to 4 nonths). Al the boilers
shown but one are pre-NSPS units. The LNCFS Il system
I ncorporates SOFA while the LNCFS Il incorporates both CCOFA
and SOFA. The PM system i ncorporates SOFA. The dual register
LNB (DRB- XCL) and the CF/ SF LNB on the wall-fired boilers also
I ncor porate OFA.

For the three boilers with LNCFS Il systens firing
bi tum nous coal, the short-termcontrolled NO; em ssions range
fromO.28 | b/ MBtu (Cherokee 4) to 0.4 | b/ MVBtu (Lansing
Smth 2) at full-load conditions. Long-termdata for Lansing
Smth 2 show 0.41 | b/MvBtu at full-load. At |ower |oads, the
short-termcontrol |l ed NO¢ em ssions range froma | ow of 0.33
(Cherokee 4) to a high of 0.75 I b/MVBtu (Val nont 5). Long-
termdata at reduced |load for Lansing Smth 2 shows NOy
em ssions of approximately 0.4 | b/MVBtu. The range of NOy
reduction for LNCFS Il technol ogy was approxi mately 35 to
50 percent at full-1oad.

For the boiler firing bitum nous coal with LNCFS |11
systens (Lansing Smth 2), the short-termcontrolled NO
em ssions were 0.36 | b/MVBtu at full-load conditions while the
| ong-term NOy em ssions for Lansing Smth 2 were
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0.34 I b/MVBtu. At |ower |oads, the short-term NO; em ssions
ranged from0.32 to 0.45 | b/MVBtu while |ong-term data ranged
fromO0.34 to 0.37 I b/MvBtu. The range of NOy reduction for

the LNCFS I'l1 technol ogy on bitum nous coal was approxi mately
50 percent at full-I oad.

One boiler wwth LNCFS 111 technol ogy (Labadie 4) burned a
bl end of bitum nous and subbitum nous coal. The short-term

uncontrol | ed NOk em ssions were 0.54 to 0.69 | b/ MVBtu across
the | oad range and were reduced to 0.45 | b/ MvBtu, or 10 to

35 percent. The LNCFS Il systemon Labadie 4 is still being
tuned and long-term data are not yet avail able.

For the one boiler with the PM" burner systemfiring
subbi tum nous coal, the short-termcontrolled NO; em ssions at
near full-load were 0.25 | b/ MvBtu (49 percent NOy reduction)
and 0.14 to 0.19 Ib/MVBtu (60 to 71 percent NOy reduction) at
| oner | oads. However, the baseline and post-retrofit coals
are very different and the 49 percent reduction rmay not be an
accurate depiction of the capabilities of the retrofit. The
uncontrol led NOyk for Lawence 5 was relatively consistent at
0.47 to 0.49 | b/ MvBtu across the | oad range. However, the
controll ed NOk was nuch | ess at the | ower | oads. Thi s was
due to the operators becomng famliar wth the operation of
the PM system and being able to greatly reduce excess air
| evel s at the | ower | oads.*°

Two simlar tangentially-fired boilers (G bson 1 and 3)
have been retrofitted with the Atlas LNB with OFA. For both
cases, the NO¢ was reduced approxi mately 40 percent.

Figure 5-19
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Figure 5-19. NO¢ em ssions fromtangentially-fired
boilers with retrofit LNB + OFA
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shows that short-termcontrolled NO¢ em ssions across the

| oad range for the tangential units with retrofit LNB + OFA
Several boilers (Labadie 4, Lansing Smth 2, and Cherokee 4)
had NO; em ssions that increased or decreased slightly over
the | oad range. However, one unit, Valnont 5, had
substantial ly higher uncontrolled and controlled NO; em ssions
at the lower loads. This may be due to the need for higher
excess air levels at lower |oads to maintain reheat and
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super heat steamtenperatures. To naintain the steam
tenperatures, the main coal and air nozzles tilt upward and
this may contribute to the higher NOy em ssions at the | ower
| oads. As previously nmentioned, the NOt decreased for the PM
burner applications.

The wal |l -fired unit firing bitum nous coal, WH.
Samms 6, was originally a twd-nozzle cell unit. The burner
pattern was changed to a conventional opposed wall pattern
during the installation of the LNB + SOFA system The
uncontrol l ed NOyk em ssions at near full-load ranged from1.1
to 1.4 | b/ MVBtu, which is typical of cell boilers. Wth the
DRB- XCL + SCFA, the NOy em ssions were reduced to
approximately 0.35 | b/MVBtu, or 60 to 70 percent reduction.
At reduced | oad, the uncontrolled NOk |evel of 0.49 | b/ MvBtu
was reduced by 37 percent to 0.31 I b/ MVBtu

One roof-fired boiler is shown in table 5-6. Arapahoe 4
has conpl eted an extensive retrofit of an DRB-XCL + OFA
system The uncontrolled NO¢ |level of 1.1 |b/MVBtu was
reduced to 0.35 | b/MvBtu (68 percent) at full-load. At |ower
| oads, the NOy reduction was 60-70 percent. This boiler is
al so denonstrating SNCR as part of the U S. DOE | nnovative
Cl ean Coal Technol ogy program The results of the conbi ned
control is presented in section 5.3.3.3.

To summari ze, the LNCFS Il technol ogy reduced NOy

em ssions by 40 to 50 percent and the LNCFS |11 technol ogy
reduced NOy by 50 percent on bitum nous coal -fired boilers.
The LNCFS Il technol ogy reduced NO; by 10 to 35 percent on a

boiler firing a blend of bitum nous and subbitum nous coal.
The PM" burner reduced NOy by 50 to 60 percent at full-load on
subbi tum nous coal. And the conbination of DRB-XCL + SCFA
reduced NO; by 65 to 70 percent on a wall-fired boiler firing
bi tum nous coal. The Atlas LNB + OFA reduced NOyk by
approximately 40 percent on a wall-fired boiler firing
subbi t um nous coal

5.1.4.3.2 New units. This section provides information
on NO¢ emi ssions fromrelatively new boilers with origina

5-323



LNB + OFA systens. The performance of original LNB + OFA on
two new wal |l -fired boilers firing bitum nous coal is given in
table 5-7.
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Short-term averages of NOyx em ssions for the units operating
at near full-load range from0.51 | b/MVBtu (Endicott Jr. 1) to
0.56 I b/MVBtu (Seminole 1). At |lower |oads, the NO¢ ranged
fromO0.42 to 0.49 I b/MvBtu for Sem nole 1.

5.1.5 Reburn and Co-Firing

5.1.5.1 Process Descriptions. Reburn is a conbustion
hardware nodi fication in which the NO¢ produced in the main
conbustion zone is reduced downstreamin a second conbustion
zone. This is acconplished by withholding up to 40 percent of
the heat input at the main conbustion zone at full-1load and
I ntroduci ng that heat input above the top row of burners to
create a reburn zone. The reburn fuel (which may be natural
gas, oil, or pulverized coal) is injected with either air or
flue gas to create a fuel-rich zone where the NO¢ forned in
the main conbustion zone is reduced to nitrogen and wat er
vapor. The fuel-rich conbustion gases |eaving the reburn zone
are conpletely conbusted by injecting overfire air (called
conpl etion air when referring to reburn) above the reburn
zone. Figure 5-20
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presents a sinplified diagramof conventional firing and gas

reburning applied to a wall-fired boiler.®
In reburning, the main conmbustion zone operates at norna

stoichionetry (about 1.1 to 1.2) and receives the bul k of the
fuel input (60 to 90 percent heat input). The bal ance of the
heat input (10 to 40 percent) is injected above the main
conmbusti on zone through reburning burners or injectors. The
stoichionetry in the reburn zone is in the range of 0.85 to
0.95. To achieve this, the reburn fuel is injected at a
stoichionetry of 0.2 to 0.4. The tenperature in the reburn
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zone nust be above 980 OC (1,800 OF) to provide an environnent
for the deconposition of the reburn fuel.?®®

Any unburned fuel leaving the reburn zone is then burned
to conpletion in the burnout zone, where overfire air (15 to
20 percent of the total conmbustion air) is introduced. The
overfire air ports are designed for adjustable air velocities
to optim ze the mxing and conpl ete burnout of the fuel before
it exits the furnace.

The kinetics involved in the reburn zone to reduce NOy
are conplex and not fully understood. The nmjor chem cal
reactions are the follow ng:°®

heat/ Oy defi ci ent
CHy > +CH3 + +H (hydrocarbon radicals) (5-1)

The reaction process shown in equation 5-1 is initiated
by hydrocarbon formation in the reburn zone. Hydrocarbon
radicals are rel eased due to the pyrolysis of the fuel in an
Oy deficient, high-tenperature environnment. The hydrocarbon
radicals then mx with the conbustion gases fromthe nain
conmbustion zone and react with NOto form (CN) radicals and
ot her stable products (equations 5-2 to 5-4).°

«CH3 + NO - HCN + HO (5-2)
No + «CH3 - «NHp + HCN (5-3)
H + HCN - «CN + Hp (5-4)

The CN radicals and the other products can then react
with NOto form Ny, thus conpleting the major NO¢ reduction
step (equations 5-5 to 5-7).°

NO + «NHy - Np + HpO (5-5)

NO + «CN - No + CO (5-6)

NO+ CO -~ Np + .... (5-7)

An Oy deficient environment is inportant. If Oy levels
are high, the NO¢ reduction mechanismw ||l not occur and other
reactions will predominate (equations 5-8 to 5-9).°

CN + O - CO+ NO (5-8)

NH + O - HO + NO (5-9)
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To conpl ete the conbustion process, air nust be
i ntroduced above the reburn zone. Conversion of (HCN) and
ammoni a conpounds in the burnout zone may regenerate sone of
t he deconposed NOy by equations 5-10 to 5-11:°
HCN + 5/4 O - NO + CO + 1/2 HyO (5-10)
NH3 + 5/4 Op - NO + 3/2 HyO (5-11)
The NO¢ may continue to be reduced by the HCN and NH3
conpounds in equations 5-12 to 5-13:°

HCN + 3/4 Op - 1/2 Np + CO + 1/2 HpO (5-12)

NH3 + 3/4 Op - 1/2 Np + 3/2 HpO (5-13)

Reburning may be applicable to nany types of boilers
firing coal, oil, or natural gas as prinmary fuels in the

boiler. However, the application and effectiveness are site-
speci fic because each unit is designed to achieve specific
steam conditions and capacity. Also, each unit is designed to
handl e a specific coal of range of coals. The type of reburn
fuel can be the sanme as the primary fuel or a different fuel.
For coal-fired boilers, natural gas is an attractive reburn
fuel because it is nitrogen-free and therefore provides a
greater potential NO¢ reduction than a reburn fuel with a

hi gher nitrogen content.® Natural gas nust be supplied via

pi peline and many plants utilize natural gas as ignition or
startup fuel, space heating, or for firing other units. |If
natural gas is not available on-site, a pipeline would need to
be installed; however, oil or pulverized coal nay be used as
alternative reburn fuels.?
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As shown in figure 5-21
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, reburning may be applicable to cyclone furnaces that may
not be adaptable to other NOy reduction techni ques such as
LNB, LEA, or OFA without creating other operational problens.®
Cycl one furnaces burn crushed coal rather than pul verized
coal, and pul verizers would be required if coal is used as the
reburn fuel.

Rebur ni ng does not require any changes to the existing
burners or any mmj or operational changes. The major
requirenent is that the fuel feed rate to the mai n conbustion
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zone be reduced and an equi val ent anmount of fuel (on a heat
i nput basis) be fed to the reburn burners in the reburn zone.
Reburn fuel heat input usually accounts for no nore than
20 percent wth natural gas or oil as the reburn fuel and
usual ly no nore than 35 percent with coal as the reburn fuel.
Several reburning systens are available fromdifferent
vendors for coal-fired applications. Key conponents of these
reburn systens include reburn fuel burners for coal or oi
reburn fuel or injectors for natural gas reburn fuel and
associ ated piping and control valves. The Digital Control
Systemis also a necessary part of the reburn system If flue
gas is used as the reburn fuel carrier gas, then fans,
ductwork, controls, danpers, and a wi ndbox are al so needed in
the reburn zone. Key conponents of the burnout zone include
duct work, control danmpers, a wi ndbox, and injectors or air
nozzles. Injectors for the reburn fuel and overfire air
require waterwall nodifications for installation of the ports.
Nat ural gas co-firing consists of injecting and
conmbusti ng natural gas near or concurrently with the main
coal, oil, or natural gas fuel. At nmany sites, natural gas is
used during boiler start-up, stabilization, or as an auxiliary
fuel. Co-firing nmay have little inpact to the overall boiler
performance since the natural gas is conbusted at the sane
| ocations as the main fuel. Figure 5-22
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shows an exanple of a co-firing application on a wall-fired
boi l er. ™
5.1.5.2 Factors Affecting Performance. The reburn

system desi gn and operation can determ ne the effectiveness of
a reburn application. Reburn nust be designed as a "systent
so that the size, nunber, and |ocation of reburn burners and
overfire air ports are optim zed. A successful design can be
acconpl i shed t hrough physical and nunerical nodeling. The
system nust be capabl e of providing good mxing in the reburn
burnout zones, so that maxi mum NOy reduction and conpl ete fuel
burnout is achieved. Also, penetration of the reburn fuel
into hot flue gas nust be accurately directed because over-
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penetration or under-penetration could result in tube wastage
and flanme instability.®®

Operational paraneters that affect the perfornmance of
reburn include the reburn zone stoichionmetry, residence tine
in the reburn zone, reburn fuel carrier gas, and the
tenperature and Oy level in the burnout zone. Decreasing the
reburn zone stoichionmetry can reduce NO¢ em ssions. However,
decreasing the stoichionetry requires adding a | arger portion
of fuel to the reburn zone, which can adversely affect upper
furnace conditions by increasing the furnace exit gas
t emper at ure.

As previously described, flue gas may be used to inject
the reburn fuel into the reburn zone. Flue gas recirculation
(FGR) rate to the reburning burners can affect NOk reduction.
Coal reburning is nore sensitive to the FGR rate than natural
gas or oil reburning, possibly because of coal nitrogen in the
reburning coal portions. Wen FGR is not used, NOk is forned
through the volatile flame attached to the reburn burner.
However when FGR is used, mixing is inproved and the NOy
formation in the volatile reburning flane is reduced.

A main controlling factor in reducing NOy em ssions with
reburn is the residence tinme in the reburn zone. The reburn
fuel and conbustion gases fromthe main zone nust be m xed
t horoughly for reactions to occur. |If thorough m xing occurs,
the residence tine in this zone can be mninmzed.® The
furnace size and geonetry determ nes the placenent of reburn
burners and overfire air ports, which will ultimtely
i nfl uence the residence tine in the reburn zone.

The tenperature and Oy levels in the burnout zone are
important factors for the regeneration or destruction of NO
inthis area. Low tenperature and Oy concentrations pronote
hi gher conversion of nitrogen conpounds to el emental nitrogen.
However, high carbon | osses occur at |ow concentrations of O
and | ower tenperatures. The burnout zone al so requires
sufficient residence tinme for Op to mx and react with
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conmbustibles fromthe furnace before entering the convective
pass to reduce unburned carbon. ®®

5.1.5.3 Performance of Reburn. Results fromtwo natural
gas and one pul verized coal reburn retrofit installation are
given in table 5-8.
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All three boilers burn bitum nous coal. For the natural gas
reburn application on a tangentially-fired boiler (Hennepin 1)
firing bitum nous coal, the short-termdata indicate that NO
em ssions at full-load are 0.22 | b/ MVBtu, corresponding to a
63 percent reduction. The long-termdata collected during 3
to 55 hour periods averaged 0.23 | b/ MvBtu at | oads of 53 to
100 percent. This unit averaged 60 percent NOy reduction.

There is one application of natural gas reburn on a wall -
fired boiler, Cherokee 3, and this unit also has retrofit LNB
with reburn, the NOy was reduced approxi mately 60 percent to
0.2 I b/MBtu fromthe control levels with LNB.

For the natural gas reburn on a cyclone boiler, Niles 1,
the long-termdata indicate NO em ssions are in the range of
0.50 to 0.60 I b/MvBtu at 75 to 100 percent load. Niles
reported that maxi mum NOy reductions (approxi mately
50 percent) are only achievable at, or near, nmaxi num | oad
capacity because as the |oad was reduced, the reburn
per f ormance degraded and coul d not be operated at |ess than
75 percent load. This is due to the reburn-fuel m xing
limtations and tenperatures required to enable the slag to
run in the furnace. This situation nay be boiler- or fuel-
speci fic.

There was a substantial buil dup of slag on the back wall
at Niles (even covering the reburn ports) and substanti al
changes had to be nmade to the reburn equi pnment design. After
all the changes were nade in design and optim zation of the
system was conpleted, the full-load NO¢ reduction at N les
averaged 47 percent at full load and 36 percent at 75 percent
| oad. There was no NOy reduction noted at |ess than
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75 percent |load. The reburn system was renoved i n August
1992, 2 years after installation.

The remai ning reburn application is a pulverized coal
reburn systemon a cyclone boiler (Nelson Dewey 2). The
short-term NOg em ssions at full-load were 0.38 | b/ MvBtu
(55 percent NOy reduction) when burning bitum nous coal. As
noted with the previous application, the NOt em ssions were
reduced at md-load | evels and then increased at | ow | oads.
At 73 percent |oad, the NOx em ssions were 0.35 | b/ MVBt u
(36 percent reduction) and at half |oad, the NOx em ssions
were 0.49 I b/MVBtu. It was reported that when burning a
west ern, Powder River Basin Coal, a 50 percent reduction was
achi eved over the |oad range. This further enphasis that the
NOyx reduction with reburn is both fuel- and boiler-specific.
The results of the reburn applications are shown in
figure 5-23.

5-344



Figure 5-23. Controlled NO¢ em ssions fromcoal -fired boilers
with retrofit reburn systens.
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The one co-firing application on table 5-8 is Lawence 5.
Lawrence 5 was retrofitted with the PMLNB systemin 1987 and
consists of five levels of PMcoal nozzles. Full-load natural
gas firing is available through natural gas el evati ons between
the coal elevations. Separated OFA is also part of the PM LNB
system By selective co-firing with 10 percent natural gas,
the NOy was reduced 29 to 30 percent fromthe controlled
levels with the PMLNB system Wth 20 percent co-firing, the
NOx was reduced an additional 5 percent.

5.1.6 Low NOy Burners and Reburn

5.1.6.1 Process Description. Reburn technology can al so
be conmbined with LNB to further reduce NOy em ssions through
addi ti onal staging of the conbustion process. This staging is
acconpl i shed by reducing the fuel fed to the LNB to
approxi mately 70-85 percent of the normal heat input and
i ntroduci ng the remai nder of the fuel in the reburn zone.
Conmbustion of the unburned fuel |eaving the reburn zone is
then conpleted in the burnout zone, where additional
conbustion air is introduced. Detailed descriptions of LNB
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and reburn technology are provided in sections 5.1.3.1 and
5.1.5.1, respectively.

5.1.6.2 Factors Affecting Performance. Design and
operational factors affecting the NOx em ssion control
performance of conbi ned LNB and reburn systens are the sane as
di scussed in sections 5.1.3.2 and 5.1.5.2, for the individual
controls.

5.1.6.3 Performance of Low NOy Burners and Reburn
There is one application of LNB and natural gas reburn on a
coal -fired boiler at the Public Service Conpany of Col orado's
Cherokee Station Unit 3. This is a U S. DOCE |Innovative C ean
Coal Technol ogy Project on a 150 MWV pre-NSPS wal | -fired boiler
that was predicting a 75-percent decrease in NO; eni ssions.
Short-termtest data shows an overall 72 percent reduction
fromuncontrolled I evels. The NOy was reduced by 31 percent
with LNB to 0.5 | b/ MVBtu and by 60 percent with reburn to
0.2 | b/ MvBt u.
5.2 COVBUSTI ON CONTROLS FOR NATURAL GAS- AND O L-FI RED

UTI LI TY BO LERS

Most of the sanme NOy control techniques used in
coal-fired utility boilers are also used in natural gas- and
oil-fired utility boilers. These techniques include
operational nodifications such as LEA, BOOS, and BF;, OFA; LNB;
and reburn. However, in natural gas- and oil-fired boilers, a
conbi nati on of these controls is typically used rather than
singular controls. Refer to section 5.1 for a general
di scussi on of these NOy controls. Additionally, w ndbox FGR
IS a conbustion control that is used on natural gas- and oil -
fired boilers that is not used on coal-fired boilers. Wndbox
FGR wi Il be described in section 5.2.2.
5.2.1 Operational Mdifications

5.2.1.1 Process Description. Operational nodifications
are nore widely inplemented to reduce NO¢ em ssions from
natural gas- and oil-fired utility boilers than from coal -
fired boilers. Because the nitrogen content of natural gas
and oil is |ow conpared to coal, the majority of the NO
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emtted fromnatural gas and oil-fired boilers is the result
of thermal NOy generation, which can be m nim zed by reducing
the available Oy and the peak tenperature in the conbustion
zone. Since operational nodifications pronote these
conditions, and natural gas and oil conbustion is |ess
sensitive than coal to variations in operating paraneters,
operational nodifications are effective, |ow cost NO control
techni ques for natural gas- and oil-fired boilers.

The process descriptions of LEA, BOOS, and BF are the
sane for natural gas- and oil-fired boilers as for coal-fired
boilers as was discussed in section 5.1.1.1.

5.2.1.2 Factors Affecting Performance. As discussed in
section 5.1.1.2, inplenmentation of LEA BOOS, and BF
t echni ques i nvol ve changes to the normal operations of the
boiler, which may result in undesirable side-effects. As
menti oned above, natural gas- and oil-fired boilers are |ess
sensitive to operation outside the "normal range.” However,
the factors affecting the performance of operational
nodi fications in natural gas- and oil-fired boilers are
simlar to those discussed for coal-fired units.

The appropriate | evel of LEA for natural gas- and
oil-fired boilers is unit specific. Usually, however, LEA
| evel s are | ower than can be achieved with coal-fired boilers
because flanme instability and furnace sl aggi ng do not
determ ne m ni num excess air levels in natural gas- and oil -
fired boilers. The LEA levels in these boilers are typically
defined by the acceptable upper linmt of CO and UBC emi ssions.

Al t hough NOy reductions can be achieved with BOOS and BF
t hese operational nodifications often slightly degrade the
performance of the boiler because excess air |evels nust be
suf ficiency high enough to prevent elevated | evels of CO
hydr ocar bons, and unburned carbon em ssions resulting from
abnornmal operating conditions. For this reason, nonitoring
flue gas conposition, especially Oy and CO concentrations, is
very inportant when enpl oyi ng operational nodifications for
NO¢ control. Because flanme instability can occur, the BOOS or
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BF pattern, including the degree of staging of each of the
burners still in service, nmust be appropriate for optinal
boi | er performnce.

During BOOS operation, the air admtted through the upper
burner to conplete the fuel burnout is generally at |ow
preheat |evels and | ow supply pressure (w ndbox pressure), so
it mxes inefficiently with the conbustion products, causing
hi gh CO em ssions or high excess air operation. |If the boiler
is operated at high excess air levels to maintain reasonabl e
CO em ssion |l evels, the degree of conbustion staging and NOy
control is reduced. Operating at high excess Oy al so reduces
boiler efficiency. Therefore, a trade-off between | ow NO
em ssions and high boiler efficiency nust be managed.”’

Wth BF, the fuel-lean burners provide a conbustion zone
with a preheated source of Oy to conplete the oxidation of the
unburned fuel fromthe first conmbustion zone. The preheating
of this Op source enhances the penetration and m xing of this
additional Oy and pronotes the conpl ete burnout of fuel at
| ower excess air levels. 1In addition, the conbustion
stoichionetry in the second conbustion zone is nore uniform
reduci ng the O inbal ances experienced with BOOS operation.’”

5.2.1.3 Performance of Operation Mdifications.
Table 5-9
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presents data for BOOS, LEA, and conbinati on of BOOS and LEA
for natural gas and oil wall-fired boilers. For the single
oil-fired boiler (Kahe 6), BOOS reduced the NOy em ssions from
0.81 I b/MvBtu to 0.50 I b/MvBtu (38 percent). For the natural
gas-fired boiler (Alamtos 6), BOOS reduced the NO from

0.90 Ib/MVBtu to 0.19 I b/ MVBtu (79 percent).

For LEA application on two wall-fired boilers firing
natural gas (S.R Berton 2 and Deepwater 9), the NOk was
reduced to levels of 0.24 to 0.28 Ib/MvBtu (7 to 40 percent).
Combi ni ng LEA + BOOS on natural gas-fired boilers reduced the
NOx em ssions to 0.24 to 0.52 | b/MVBtu (39 to 67 percent).
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I n general, the higher the baseline NOy em ssions, the
hi gher percent NO¢ reduction was achieved with this type of
operational nodifications. While sone boilers may have
achi eved hi gher reductions in NOy em ssions, proper
i npl emrentation of BOOS + LEA may achieve 30 to 50 percent
reduction with no major increase in CO or particul ate
em ssions. However, effectiveness of BOOS is boiler-specific
and not all boilers may be anenable to the distortion in
fuel/air mxing pattern inposed by BOOS due to their design
type or fuel characteristics. Boilers originally designed for
coal and then converted to fuel-oil firing may better
accommodat e BOOS (and LEA) than boilers with smaller furnaces.
5.2.2 Flue Gas Recirculation

5.2.2.1 Process Description. Flue gas recirculation is
a flane-quenching strategy in which the recirculated flue gas
acts as a thermal diluent to reduce conbustion tenperatures.
It al so reduces excess air requirenments, thereby reducing the
concentration of Oy in the conbustion zone. As shown in
figure 5-24
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, FGR involves extracting a portion of the flue gas fromthe
econom zer or air heater outlet and readmtting it to the
furnace through the furnace hopper, the burner w ndbox, or
both.”™ To reduce NOy, the flue gas is injected into the

wi ndbox. For coal-fired boilers operating at peak boil er
capacity, flue gas is commonly readmtted through the furnace
hopper or above the wi ndbox to control the superheater steam
t enperature; however, this nethod of FGR does not reduce NOy
em ssions. Wndbox FGR is nost effective for reducing thernal
NOx only and is not used for NO¢ control on coal-fired boilers
in which fuel NO¢ is a major contributor.

The degree of FGR is variable (10 to 20 percent of
conmbustion air) and depends upon the output limtation of the
forced draft (FD) fan (i.e., conbustion air source which
directly feeds the boiler). This is particularly true for
units in which FGR was originally installed for steam
tenmperature control rather than for NOg control.® The FGR
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fans are | ocated between the FD fans and the burner w ndbox.
The FGR is injected into the FD fan ducting and then
distributed within the windbox to the burners. As the fan
flowis increased, the pressure within the furnace increases.
At sonme level, the fans are unable to provide sufficient
conbustion air to the wndbox. This results in
overpressurization of the boiler and a possible unit de-rate.!

5.2.2.2 Factors Affecting Performance. To maxim ze NO
reduction, FGR is routed through the wi ndbox to the burners,
wher e tenperature suppression can occur within the flane. The
ef fectiveness of the techni que depends on the burner heat
rel ease rate and the type of fuel being burned. Wen burning
heavi er fuel oils, Iess NO¢ reduction would be expected than
when burning natural gas because of the higher nitrogen
content of the fuel.

Flue gas recirculation for NO¢ control is nore attractive
for new boilers than as a retrofit. Retrofit hardware
nodi fications to inplenent FGR include new ductwork, a
recircul ation fan, devices to mx flue gas with conbustion
air, and associated controls. |In addition, the FGR system
itself requires a substantial naintenance program due to the
hi gh tenperature environnent and potential erosion from
entrai ned ash.

5.2.2.3 Performance of Flue Gas Recircul ation.
Tabl e 5-10
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presents data for FGR applied to one tangentially-fired
boiler and three wall-fired boilers. It should be noted that
FGR is usually used in conbination with other nodifications or
controls (i.e., LEA, BOOS, OFA, or LNB) and little data are
avai l able for FGR alone. At full-load, the FCR reduced NOy
em ssions to 0.42 I b/MvBtu on the wall-fired boiler firing
fuel oil for a NOk reduction of 48 percent. Flue gas
recirculation applied to a tangentially-fired boiler firing
natural gas reduced NO; by 25 to 50 percent across the | oad
range with FGR on wall-fired boilers firing natural gas, the
NOx reduced by nore than 50 percent.
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5.2.3 Overfire Air

5.2.3.1 Process Description. The sane types of OFA
systens are used for natural gas- and oil-firing as was
described for coal-firing in section 5.1.2.1

5.2.3.2 Factors Affecting Performance. Boilers
characterized by small furnaces with high heat rel ease rates
typically have insufficient volune above the top burner rowto
accommodat e OFA ports and still conplete conbustion within the
furnace. Wth sone units, retrofitting wwth OFA woul d make it
necessary to derate and nodify the superheater tube bank to
m ni m ze changes in the heat absorption profile of the boiler.
For these small boilers, BOOS can offer simlar NOk reduction
at a fraction of the cost.

The factors that affect OFA performance for natural gas-
and oil-fired boilers are the sane as those described for
coal -fired boilers in section 5.1.2.2.

5.2.3.3 Performance of Overfire Air. Data for OFA on
natural gas-fired boilers are presented in table 5-11
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These units were typically operated with LEA;, therefore, the
controll ed NOyk em ssions are for OFA + LEA. For the
tangentially-fired boilers, the NO¢ was reduced to 0.11 to
0.19 I b/MBtu at full-load with OFA + LEA (10 to 46 percent
reduction). The wall-fired boiler had a higher uncontrolled
NOx | evel and was reduced to 0.54 | b/MVBtu with OFA + LEA
(48 percent reduction). The OFA application on a wall-fired
boiler firing fuel oil was approximtely 20 percent.

5.2.4 Low NO¢ Burners

5.2.4.1 Process Description. The fundanmental NOy
reduction nmechanisns in natural gas- and oil-fired LNB are
essentially the sane as those in coal-fired LNB discussed in
section 5.1.3.1. However, many vendors of LNB for oil- and
natural gas-fired boilers incorporate FGR as an integral part
of the LNB. Low NO¢ burners are appealing options for natural
gas- and oil-fired utility boilers because they can elimnate
many of the boiler operating flexibility restraints associ ated
wi th BOOS, BF, and OFA.
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5.2.4.1.1 WAill-fired boilers. As wth coal-fired LNB,
there are a nunber of different natural gas- and oil-fired LNB
avai l abl e from manufacturers. Several of these are discussed
bel ow.

The wal | -fired ROPM™ burner for natural gas- or
oil-firing is showm in figure 5-25
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Figure 5-25. ROPM"™ burner for natural gas-
and oil-fired boilers.®
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.8 Conbustion in a ROPM™ burner is internally staged, and

takes place in two different zones; one under fuel-rich
conditions and the other under fuel-lean conditions. Gaseous
fuel burns under pre-m xed conditions in both the fuel-Iean
and fuel-rich zones. Wth liquified fuels, however, burning
occurs under diffused-flane conditions in the fuel-rich

m xture to nmaintain a stable flane.

The natural gas-fired ROPM™ burner generates a fuel-rich
fl ame zone surrounded by a fuel-lean zone. The burner
register is divided into two sections. Natural gas and
conbustion air supplied via an internal cylindrical
conpartnment produces the fuel-rich flanme. The fuel and air
supplied via the surroundi ng annul ar passage produces the
fuel -1 ean zone. ®

The oil-fired ROPM™ burner uses a uni que atoni zer that
sprays fuel at two different spray angles, creating two
concentric hollow cones. The inner cone creates a fuel-rich
flame zone; the outer cone forns the fuel-lean flane zone.
The inner fuel-rich flane zone has diffusion flane
characteristics that help maintain overall flame stability.
The ROPM™ burner technol ogy generally relies on a conbination
of ROPM"™ burners and FGR to achieve NOy reductions. ®

The Dynaswirl ™ burner for wall-fired boilers divides
conbustion air into several conponent streans and controls
injection of fuel into the air streans at selected points to
mai ntain stable flames with | ow NO; generation. Figure 5-26
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Figure 5-26. Dynaswirl™ | ow NOy burner. "
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schematically illustrates the internal configuration of the
burner.” For natural gas-firing, fuel is introduced through
si x pipes, or pokers, fed froman external manifold. The
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pokers have skewed, flat tips perforated with nunmerous hol es
and directed inward toward the burner centerline. Primary air
fl ows down the center of the burner venturi around the center-
fired gas gun, where it mxes with this gas to forma stable
flame. Secondary air flows anong the outer walls of the
venturi, where it mxes with gas fromthe gas pokers and is
ignited by the center flane."”

The Internal Staged Conbustion™ (1SC) wall-fired LNB
i ncorporates LEA in the primary conbustion zone, which l[imts
the Op available to conbine with fuel nitrogen. In the second
conbustion stage, additional air is added downstreamto forma
cooler, Op-rich zone where conbustion is conpleted and thernal
NOx formation is I[imted. The |ISC design, shown in figure 5-27
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Figure 5-27. Internal Staged Conbustion™ | ow NO; burner.?®
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, can fire natural gas or oil.?%
The wall-fired Primary Gas - Dual Register Burner™ (PG
DRB), shown in figure 5-28
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Figure 5-28. Primary Gas-dual Register™ | ow NO¢ burner.®
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, was devel oped to inprove the NOy reduction capabilities of
the standard DRB.' The PG DRB can be used in new or retrofit
applications. The systemusually includes FGR to the burner
and to the wi ndbox, with OFA ports installed above the top
burner row. "Primary gas" is recirculated flue gas that is
routed directly to each PG DRB and introduced in a dedicated
zone surrounding the primary air zone in the center of the
burner. The recirculated gas inhibits the formation of
thermal and fuel NOy by reduci ng peak flanme tenperature and Op
concentration in the core of the flame. The dual air zones
surroundi ng the PG zone provide secondary air to control fuel
and air mxing and regul ate flame shape.

In addition to the DRB XCL-PC™ burner for coal-fired
boil ers, the XCL burner, as shown in figure 5-29
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Figure 5-29. Axial Control™ Flow | ow NOy burner for
gas and oil.*
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, Is also available for wall-fired boilers burning natural gas
and oil.* This design enables the use of an open w ndbox

(conpartrental w ndbox is unnecessary). Air flowis
controlled by a sliding air danper and swirled by vanes in the

dual air zones.
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The Swirl Tertiary Separation™ (STS) burner for natural
gas- and oil-fired retrofits is shown in figure 5-30
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Figure 5-30. Low NOy Swirl Tertiary Separation™
| ow NO¢ burner. ®
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.8 In this design, the internal staging of primary and
secondary air can be adjusted depending on required NO
control and overall conbustion performance. The ability to
control swirl of the primary and secondary air streans
i ndependently provides flexibility in controlling flane |ength
and shape, and ensures flanme stability under I ow NOk firing
conditions. A separate recirculated flue gas streamforns a
di stinct separate |ayer between the primary and secondary air.
This separating |ayer of inert flue gas del ays the conbustion
process, reducing peak flame tenperatures and reducing the
oxygen concentration in the prinmary conbustion zone.
Therefore, the separation layer controls both thermal and fue
NOy formation. ®

5.2.4.1.2 Tangentially-fired boilers. The
tangentially-fired Pollution M ninmm" (PM burner is shown in
figure 5-31
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Figure 5-31. Pollution M nimum™ burner for natural
gas- and oil-fired boilers.?
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.8 The burners are available for natural gas or oil firing.

Both designs are internally staged, and incorporate FGR within
t he burners.

The gas-fired PM burner conpartment consists of two fuel
| ean nozzl es separated by one fuel-rich nozzle. Termed "GO
(gas mxing), this LNB systemincorporates FG by m xing a
portion of the flue gas with conbustion air upstream of the
burner. Wen necessary, FGR nozzles are installed between two
adj acent PM burner conpartnments, and a portion of the
recirculated gas is injected via these nozzles.?

The oil-fired PM burner consists of one fuel nozzle
surrounded by two separated gas recirculation (SGR) and air
and GM nozzles. Wthin each fuel conpartnment a single oil gun
with a unique atonizer sprays fuel at two different spray
angles. The outer fuel spray passes through the SGR streans
produce the fuel-1ean zones. The inner concentric spray
produces the fuel-rich zones between adjacent SGR nozzl es.

The SGR creates a boundary between the rich and | ean flane
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zones, thereby maintaining the NO( reducing characteristics of
both fl anes. ®

5.2.4.2 Factors Affecting Performance. The factors
af fecting the performance of oil- and gas-fired LNB are
essentially the sane as those for coal-fired LNB di scussed in
section 5.1.3.2 of this docunent. However, the overal
success of NOy reduction with LNB may al so be influenced by
fuel grade and boiler design. For exanple, the nost
successful NOy reductions are on natural gas and |ight fuel
oil firing and on boilers initially designed for specific fuel
use patterns. Also, boilers originally designed wth |arger
furnace vol umes per unit output would be nore conducive to NO
reduction with LNB than a snaller furnace.

O her factors affecting performance are the burner
atom zer design which is critical for controlling NOk and
mnimzing opacity. By inproving atom zation quality, there
is a greater margin for variabilities in the boiler operation
and fuel properties.
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5.2.4.3 Performance of Low NO, Burners. Table 5-12
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presents data for LNB on natural gas- and oil-fired boilers.
Three oil-fired boilers (Kahe 6, Port Everglades 3 and 4) had
uncontrol |l ed NOk em ssions in the range of 0.74 to
0.81 Ib/MVBtu. Wth LNB, the NOx was reduced to 0.51 to
0.56 [ b/MVBtu which corresponds to a 28 to 35 percent
reduction. The remaining oil-fired boiler, Northside 3,
originally had OFA and was retrofit with LNB capabl e of
burning either oil or gas. While the LNB were intended to
accommodate the OFA, opacity exceedances occurred and the OFA
ports were closed. Therefore, it is not possible to determ ne
the percent reduction fromthis LNB retrofit.

For two wall-fired boilers firing natural gas (Port

Evergl ades 3 and 4), the NO¢ was reduced fromuncontrolled

|l evels of 0.52 to 0.57 Ib/MvBtu to approxinmately 0.4 | b/ MvBtu
(23 to 33 percent reduction). For Alamtos 5, the NOk was
reduced 40 to 60 percent across the |oad range with LNB
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Alam tos 6 had higher uncontrolled NO; em ssions (estimated to
be 0.9 | b/MVBtu) and was reduced 75 percent to 0.22 | b/ MVBt u.
Again, it is not possible to determ ne the percent reduction
for Northside 3 with these data.

To sunmarize, LNB retrofit on wall-fired boilers firing
oil resulted in controlled NOy em ssions of approximately 0.5
to 0.55 I b/MVBtu. On wall-fired boilers firing natural gas,
LNB typically resulted in controlled NO;, emssions of 0.2 to
0.4 | b/MVBtu. The |lower controlled NO; for the natural gas
boilers is probably a result of the | ower uncontrolled
em ssi ons.
5.2.5 Reburn

Al t hough reburn may be applicable to oil-fired boilers,
retrofit applications have been limted to large units in
Japan. Reburning is not expected to be used on natural gas
fired units, because other techniques such as FGR, BOOS, and
OFA are effective and do not need the extensive nodifications
that reburn systens may require. However, gas reburn on a
dual - fuel boiler (coal/gas) has been eval uat ed.

5.2.5.1 Process Description. The process description of
reburn for natural gas- or oil-fired boilers is the sanme as
was described for coal-fired boilers in section 5.1.5.1

5.2.5.2 Factors Affecting Performance. The factors
affecting the performance of reburn for natural gas- or oil-
fired boilers are the sanme as was described for coal-fired
boilers in section 5.1.5.2. Additionally, natural gas
produces hi gher flue gas tenperatures than when firing coal
therefore, the heat absorption profile in the furnace may
change.

5.2.5.3 Performance of Reburn. There are no retrofits
of reburn on oil-fired utility boilers in the United States;
therefore, performance data are not avail able. Gas reburn has
been tested on Illinois Power's Hennepin Unit 1 while firing
natural gas as the main fuel. Hennepin Unit 1is a 71 MV
tangential boiler capable of firing coal or natural gas. The
uncontrol |l ed NO¢ em ssions when firing natural gas were
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approximately 0.14 | b/MvBtu at full-load and 0.12 | b/ MVBtu at
60 percent |oad. The NO¢ em ssions were reduced by 37 percent
at full-load to 0.09 I b/MvBtu. At reduced |oad, the NO
em ssions were reduced by 58 percent to 0.05 | b/ MvBtu. ®
5.2.6 Conbinations of Conbustion Controls

5.2.6.1 Process Descriptions. Large NOk reductions can
be obtai ned by conbi ni ng conbustion controls such as FGR
BOOS, OFA, and LNB. The types of conbinations applicable to a
given retrofit are site-specific and depend upon uncontroll ed
| evel s and required NO¢ reduction, boiler type, fuel type,
furnace size, heat release rate, firing configuration, ease of
retrofit, and cost. The process descriptions for the
i ndi vidual controls are found in section 5.1

5.2.6.2 Factors Affecting Performance. The sane basic
factors affecting the performance of individual conbustion
controls will apply to these controls when they are used in
conmbi nation. Section 5.1 describes the factors affecting the
i ndi vi dual NOy controls.

5.2.6.3 Performance of Conbination of Conbustion
Modi fications. Short-termdata for various conbinations of
NO¢ controls for natural gas- and oil-fired boilers are given
in table 5-13

5-389



Tabl e 5-13



Tabl e 5-13 concl uded



Results are given for one tangential boiler firing natural
gas, several conbinations of controls on two wall-fired
boilers firing fuel oil, and several conbinations on wall
boilers firing natural gas. For the tangential boiler firing
natural gas (Pittsburgh 7), the NO em ssions were reduced
fromO0.95 | b/MMBtu with FGR + OFAto 0.1 | b/MBtu at full-I oad
(89 percent reduction).

For Kahe 6 (with the original burners), the NO; em ssions
were reduced fromO0.81 Ib/MBtu with FGR + BOOS to
0.28 | b/MvBtu for a 65-percent reduction. As was shown in
sections 5.2.1.3 and 5.2.2.3 (Refer to tables 5-9 and 5-10),
BOOS al one on this unit reduced NO¢ to 0.50 | b/ MVBtu
(38 percent) and FGR al one reduced NOy to 0.42 | b/ MVBtu
(48 percent). The conbination of LNB and FGR on Kahe 6
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reduced the NOy em ssions to 0.43 | b/MVBtu (47 percent). The
conbi nation of LNB + OFA on Kahe 6 reduced NO¢ em ssions to
0.28 I b/MVBtu (65 percent) and LNB + OFA + FGR reduced NOy

em ssions to 0.19 | b/MWBtu (76 percent). These data show t hat
by conbi ning technologies on this oil-fired boiler, NO

em ssions can be reduced by 47 to 76 percent fromuncontrolled
| evels. For the other oil-fired wall boiler (Contra Costa 6),
FGR + OFA reduced the NOy em ssions fromO0.55 to 0.19 | b/ MVBtu
at full-load (65 percent reduction). These data also indicate
t hat conbi ni ng operational nodifications may reduce NOy

em ssions as nmuch as or nore than conbustion hardware changes
(i.e., LNB).

For two natural gas-fired boilers (Pittsburgh 6 and
Contra Costa 6), FCR + OFA reduced NOk emi ssions to 0.16 and
0.24 I b/MVBtu. The Pittsburgh unit had hi gher uncontrolled
NOx (0.9 I b/MVBtu) than the Contra Costa unit (0.55 | b/ MVBtu)
and resulted in 82 percent reduction as conpared to
57 percent.

For two natural gas-fired boilers (Alamtos 6 and Moss
Landing 7), conmbining FGR + BOOS (simlar to FGR + COFA)
reduced NOy emissions to 0.08 to 0.14 | b/ MvBtu (92 percent
reduction) at full-load. The conbination of LNB + FGR on the
natural gas boilers reduced NOy to approximately 0.1 | b/ MVBtu
on Alamtos 6 and Ornond Beach 2 (89 to 94 percent). And,
conmbi ning LNB + FCR + BOOS decreased the NOy em ssions to 0.06
to 0.12 | b/MVBtu on Alamtos 6 and O nond Beach 2
(93 percent).

To sunmari ze, conbining conbustion controls on natural
gas-boilers is effective in reducing NO em ssions. However,
conbi ni ng conbustion controls on oil-firing is not as
effective and reductions of up to 75 percent were reported.
Whereas, reductions of up to 94 percent on natural gas-fired
boil ers were reported.

5.3 FLUE GAS TREATMENT CONTROLS

Two comercially avail able flue gas treatnent

t echnol ogi es for reducing NO; em ssions from existing fossi
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fuel utility boilers are selective noncatal ytic reduction
(SNCR) and sel ective catalytic reduction (SCR). Selective
noncatal ytic reduction involves injecting amonia or urea into
the flue gas to yield nitrogen and water. The ammonia or urea
must be injected into specific high-tenperature zones in the
upper furnace or convective pass for this nmethod to be
effective.®® The other flue gas treatnent nethod, SCR
i nvol ves injecting anmonia into the flue gas in the presence
of a catalyst. Selective catalytic reduction pronotes the
reactions by which NO¢ is converted to nitrogen and water at
| ower tenperatures than required for SNCR
5.3.1 Selective Noncatalytic Reduction

5.3.1.1 Process Description. The SNCR process invol ves
injecting anmonia or urea into boiler flue gas at specific
tenperatures. The ammonia or urea reacts with NO¢ in the flue
gas to produce Np and water.
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As shown in figure 5-32

5- 396



Fi gure 5-32. Amoni a- based SNCR. 3
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, for the ammoni a- based SNCR process, amonia is injected into
the flue gas where the tenperature is 950 + 30 OC (1,750 *

90 OF).% Even though there are large quantities of O
present, NOis a nore effective oxidizing agent, so nost of
the NHg reacts with NO by the fol |l owi ng nmechani sm *

ANHg + 6NO - 5Np + 6HpO (5-14)
Conpeting reactions that use sone of the NH3 are:

4NHg + 50p - 4NO + 6HpO (5-15)

ANH3 + 30p - 2Np + 6HYO (5-16)

For equation 5-14 to predom nate, NH3 nust be injected into
the opti numtenperature zone, and the anmmonia nust be
effectively mxed with the flue gas. Wen the tenperature
exceeds the opti mumrange, equation 5-15 becones significant,
NH3 is oxidized to NOg, and the net NO reduction decreases.*
If the tenperature of the conbustion products falls bel ow the
SNCR operating range, the NH3 does not react and is emtted to
t he atnosphere. Ammonia em ssions nmust be m nimzed because

5-398



NH3 is a pollutant and can also react with sul fur oxides in
the flue gas to formammoni um salts, which can deposit on
downst ream equi pnent such as air heaters. A snmall anpunt of
hydr ogen (not enough to appreciably raise the tenperature) can
be injected with the NH3 to | ower the tenperature range in
which SNCR is effective.
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As shown in figure 5-33
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Figure 5-33. Urea-based SNCR.
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, In the urea-based SNCR process, an aqueous solution of urea
(CO(NHp) 2) is injected into the flue gas at one or nore
| ocations in the upper furnace or convective pass.® The urea
reacts with NO¢ in the flue gas to formnitrogen, water, and
carbon di oxide (COp). Aqueous urea has a maxi mum NO
reduction activity at approximately 930 to 1,040 OC (1,700 to
1,900 OF). Proprietary chem cal enhancers nay be used to
broaden the tenperature range in which the reaction can occur.
Usi ng enhancers and adj usting the concentrations can expand
the effectiveness of urea to 820-1,150 OC (1,500-2,100 OF), %
The exact reaction nmechanismis not well understood
because of the conplexity of urea pyrolysis and the subsequent
free radical reactions. However, the overall reaction
mechani smis: *

CONHp) 2 + 2NO + 1/20p - 2Np + COp + 2HpO (5-17)

Based on the above chem cal reaction, one nole of urea
reacts with two noles of NO However, results from previous
research indicate that nore than stoichionmetric quantities of
urea nmust be injected to achieve the desired | evel of NO
renoval . ®* Excess urea degrades to nitrogen, carbon dioxide,
and unreacted NHz.

Anot her version of the urea-based SNCR process uses high
energy to inject either aqueous NH3 or urea solution as shown
in figure 5-34

5-402



Figure 5-34. High-energy SNCR process.
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.%® The solution is injected into the flue gas using steam or
air as a diluent at one or nore specific tenperature zones in
t he convective pass. Additionally, methanol can be added
further in the process to reduce NHz slip. This systemis
based on the same concept as the earlier
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SNCR systens except that the pressurized urea-water m xtures
are injected into the cross-flowng flue gas w th high-
velocity, air-driven nozzles. H gh-energy urea injection is
especially applicable to units with narrow reagent injection
w ndows because this system provides intense flue gas m xi ng.
Har dwar e requi rements for SNCR processes include reagent
storage tanks, air conpressors, reagent injection grids, and

95

an ammoni a vapori zer (NHz-based SNCR). Injection equipnent
such as a grid systemor injection nozzles is needed at one or
nore |l ocations in the upper furnace or convective pass. A
carrier gas, such as steamor conpressed air, is used to

provi de sufficient velocity through the injection nozzles to
ensure thorough m xing of the reagent and flue gas. For units
that vary |oads frequently, nulti-level injection is used. A
control system consisting of a NO¢ nonitor and a controller/
processor (to receive NO¢ and boiler data and to control the
anount of reagent injected) is also required.

Most SNCR experience has been on boilers | ess than 200 MV
in size. In larger boilers, the physical distance over which
reagent must be dispersed increases and the surface
area/ volume ratio of the convective pass decreases. Both of
these factors are likely to nake it nore difficult to achieve
good m xi ng of reagent and flue gas, delivery of reagent in
the proper tenperature w ndow, and sufficient residence tine
of the reagent and flue gas in that tenperature w ndow. For
| arger boilers, nore conplex reagent injection, mxing, and
control systens nmay be necessary. Potential requirenents for
such a system coul d i nclude high nmonentuminjection | ances and
nor e engi neering and physical / mat hemati cal nodeling of the
process as part of system design.

5.3.1.2 Factors Affecting Perfornmance

5.3.1.2.1 Coal-fired boilers. Six factors influence the
performance of urea- or amoni a- based SNCR systens:
tenperature, mxing, residence tine, reagent-to-NOy ratio, and
fuel sulfur content. The NO¢ reduction kinetic reactions are
directly affected by concentrations of NOx. Reduced
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concentrations of NOk |ower the reaction kinetics and thus the
potential for NO¢ reductions.
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As shown in figure 5-35
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Figure 5-35. GCeneral effects of tenperature on NOy renoval . ®®
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, the gas tenperature can greatly affect NO¢ renoval and NH3
slip.®® At tenperatures below the desired operating range of
930 to 1,090 OC (1,700 to 2,000 OF), the NO¢ reduction
reactions begin to dimnish, and unreacted NH3 em ssions
(slip) increase. Above the desired tenperature range, NHz is
oxi di zed to NOy, resulting in | ow NOk reduction efficiency and
| ow reactant utilization.?°

The tenperature in the upper furnace and convective pass,
where tenperatures are optinmum for SNCR, depends on boiler
| oad, fuel, nmethod of firing (e.g., off-stoichionetric
firing), and extent of heat transfer surface fouling or
sl agging. The flue gas tenperature exiting the furnace and
entering the convective pass typically may be 1,200 OC + 110
OC (2,200 OF + 200 OF) at full load and 1,040 ©C + 70 OC
(1,900 OF + 150 OF) at half load. At a given |oad,

t enperatures can increase by as much as 30 to 60 OC (50 to
100 OF) depending on boiler conditions (e.g., extent of

sl aggi ng on heat transfer surfaces). Due to these variations
in the tenperatures, it is often necessary to inject the
reagent at different |ocations or levels in the convective
pass for different boiler |oads.?

The second factor affecting SNCR performance is m xi ng of
the reagent with the flue gas. The zone surroundi ng each
reagent injection nozzle will probably be well m xed by the
turbul ence of the injection. However, it is not possible to
m X the reagent thoroughly with the entire flue gas stream
because of the short residence tine typically avail abl e.

Stratification of the reagent and flue gas will probably be a
greater problemat |ow boiler |oads.®® Retrofit of furnaces
with two or nore division walls will be difficult because the

central core(s) of the furnace cannot be treated by injection
| ances or wall-nmounted injectors on the side walls. This may
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reduce the effectiveness of SNCR

The third factor affecting SNCR performance is the
residence tinme of the injected reagent wthin the required
tenperature window. |If residence tinmes are too short, there
W ll be insufficient time for conpletion of the desired
reactions between NO¢ and NHgz.

The fourth factor in SNCR performance is the ratio of
reagent to NOx. Figure 5-36
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NOTE: This figure is representative of one specific SNCR
application. Actual NO¢ renobval as a function of
nolar ratio is boiler-specific.

Figure 5-36. General effect of NH3:NOk nole
ratio on NOg renoval .’
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shows that at an anmmoni a-to-NOy ratio of 1.0, NOg reductions
of less than 40 percent are achieved.® By increasing the

NH3: NOy ratio to 2.0:1, NOy reductions of approxi mately

60 percent can be obtained. |Increasing the ratio beyond 3.0:1
has little effect on NO¢ reduction. Since NH3: NO¢ ratios

hi gher than the theoretical ratio are required to achieve the
desired NO¢ reduction, a trade-off exists between NOy control
and the presence of excess NHz in the flue gas. Excess NH3
can react with sul fur conpounds in the flue gas, formng
anmoni um sul fate salt conpounds that deposit on downstream
equi pnent. The higher NH3 feed rates can result in additional
annual costs. The fifth factor in SNCR performance is
the sul fur content of the fuel. Sulfur conpounds in the fuel
can react with NH3 and formliquid or solid particles that can
deposit on downstream equi pnent. In particular, conpounds
such as anmoni um bi sul fate (NHgHSO4) and ammoni um sul fate

[ (NHg) 2SO4] can plug and corrode air heaters when tenperatures
in the air heater fall below 260 OC (500 OF). As shown in
figure 5-37

5-413



Figure 5-37. Ammonia salt formation as a function of
tenperature and NHgz and SOz concentration. *®
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, given sufficient concentrations of NH3 and SO3 in the flue
gas, amoni um bi sul fate or sulfate can form at tenperatures
bel ow 260 OC (500 OF). °®

5.3.1.2.2 Natural Gas- and O l-Fired Boilers. The
factors affecting the performance of SNCR on coal -fired
boil ers are applicable to natural gas and oil firing. These
factors are: tenperature, mxing, residence tine, reagent-to-
NO¢ ratio, and fuel sulfur content. Because natural gas and
oil do not contain as nuch sulfur as coal, the fuel sulfur
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content may not be as much a factor for natural gas- and
oil-fired boilers.

5.3.1.3 Performance of SNCR on Utility Boilers. The
results of SNCR applied to fossil fuel utility boilers are
shown in table 5-14.
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There are 2 coal-fired, 2 oil-fired, and 10 natural gas-
fired SNCR applications represented on the table. One
application is ammoni a- based SNCR with the remai nder being
urea-based. Available data on NH3 slip and NpO em ssions
during these tests are presented in chapter 7.

For Valley 4, the NO; em ssions during testing at ful
| oad decreased as the nolar ratio increased. At a nolar ratio
of 0.7, the NOk em ssions were 0.76 | b/ MVBtu whereas a nol ar
ration of 1.7 resulted in NO¢ em ssions of 0.50 |b/MVBtu. At
reduced | oads, the nolar ratio has the sane effect on NO
em ssions. At 36 percent |oad, the NO¢ was reduced to 0. 14
and 0.32 I b/MvBtu with nolar ratios of 2.0 and 1.0,
respectively. At 34 percent |oad, the NO; was reduced to 0.35
and 0.54 I b/MVBtu with nolar ratios of 2.0 and 1.0,
respectively. The higher NOk em ssions at the 34 percent |oad
are attributed to a different burner pattern being used.

For Arapahoe 4, the NOy was reduced approxi mately
30 percent at full-load prior to the retrofit of LNB + OFA
After retrofitting LNB + OFA, SNCR reduced NOy by 30-

40 percent with NH3 slip less than 20 ppm At |ower [ oads,
SNCR reduced NOy by 40-50 percent; however, the NHg slip
increased to as high as 100 ppm This was attributed to

cool ed flue gas tenperatures at |ow | oads; however, the system
Is still being optimzed and tested.

Long-term data from one subpart Da stoker boiler shows
controll ed NOy emi ssions of approximately 0.3 | b/MVvBtu with
NH3 slip of less than 25 ppm Baseline NOk levels fromthis
facility was not reported; however, data from anot her
subpart Da stoker facility shows baseline |evels of
0.4-0.6 | b/ MvBt u.

For the Port Jefferson oil-fired boiler, the NO
em ssions were 0.14 to 0.17 I b/MvBtu at full-load and 0.15 to
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0.21 I b/MVBtu at m ni num | oad depending on the nolar ratio.
H gher nolar ratios of 1.5 and 2.0 resulted in NOt renoval s of
up to 56 percent at full and reduced |oad. The NHz slip at an
NSR of 1.0 was 20 to 40 parts per mllion (ppm. Further
experimentation to reduce the NH3 slip at this site is
pl anned.

For the tangentially-fired natural gas boilers with
urea- based SNCR, the NOy em ssions at full-load range from
0.06 to 0.08 | b/ MvBtu. At |ower |oads, the NO¢ em ssions
range fromO0.03 | b/MBtu to 0.05 | b/ MVMBtu. The NOg reductions
for these boilers ranged fromO to 42 percent. Wile the
results varied fromstation-to-station for the sanme boiler
type, sister units at the sane station generally achieved a
simlar reduction. Amonia slip for these boilers was 6 to
17 ppm

The results were simlar for the wall-fired boilers
firing natural gas. The NO¢ was reduced on El Segundo 1 and 2
to less than 0.1 | b/ MVBtu across the | oad range with an NH3
slip of less than 75 ppm At Mrro Bay 3, both a urea-based
and an NH3-based SNCR system were tested. Both of these
systens reduced the NO; by 30 to 40 percent across the | oad
range, depending on the nolar ratio. However, the ammonia
slip was 10 to 20 ppm Il ower for the ammoni a- based SNCR system
than the urea-based SNCR. The relatively high NH3 slip levels
are thought to be due to the relatively short residence tines
in the convection section cavities. The NH3 slip is reported
in chapter 7.

The effect of increasing the nmolar Nto NOratio on
percent NOy reduction is shown in figures 5-38
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boil ers, respectively. As shown in these figures, percent NO
reduction increases with increasing nolar NNNO rati o.

However, as nolar ratio is increased the amount of slip wll

al so increase. Further, above a nolar ratio of approximately
1.0 to 1.5, only slight increases in NO¢ reduction are
generally seen. Thus, applications of SNCR nust be optim zed
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for effective reagent use.
5.3.1.4 Performance of SNCR on Fluidi zed Bed Boil ers.
Short-termresults of SNCR on seven fluidized bed boilers are
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given in table 5-15.
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Two of the boilers are bubbling bed and five are circul ating
bed. Al of these boilers utilize ammoni a-based SNCR syst ens.
The NOyx em ssions fromthe Stockton A and B bubbling fluidized
bed boilers were 0.03 | b/MVMBtu at full-load. The NO
em ssions fromthe circulating fluidized bed boilers ranged
fromO0.03 to 0.1 | b/MVBtu at full-load conditions. The
average NOy em ssions fromthese five boilers were 0.08
| b/ MVBt u.

5.3.2 Selective Catalytic Reduction

5.3.2.1 Process Description. Selective catalytic
reduction involves injecting ammonia into boiler flue gases in
the presence of a catalyst to reduce NOk to Np and water. The
catal yst lowers the activation energy required to drive the
NOyx reduction to conpletion, and therefore decreases the
tenperature at which the reaction occurs. The overall SCR
reactions are:'®

ANHz + 4NO + Op - 4Np + 6HRO (5-18)
8NH3 + 6NOp - 7Np + 12HxO (5-19)

There are al so undesirable reactions that can occur in an SCR
system including the oxidation of NH3 and SO and the
formati on of sulfate salts. Potenti al oxidation reactions

are:; 1

4NH3 + 50 - 4NO + 6H0 (5- 20)
ANH3 + 30 - 2Np + 6HpO (5-21)
2NH3 + 20p - NoO + 3HpO (5-22)

2SO + Oy - 2503 (5-23)

The reaction rates of both desired and undesired reactions
increase with increasing tenperature. The optimal tenperature
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range depends upon the type of catalyst and an exanple of this
effect is shown in figure 5-40

5-437



Figure 5-40. Relative effect of tenperature
on NOy reduction. *®
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Figure 5-41

5- 440



Figure 5-41. Possible configurations for SCR '
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shows several SCR configurations that have been applied to
power plants in Europe or Japan.!® The npbst conmon
configurations are diagrans la and 1b, also referred to as
“high dust” and "low dust" configurations, respectively.
D agrans 1c and 1d represent applications of spray drying with
SCR. Diagrans la through 1d are called "hot-side" SCR because
the reactor is located before the air heater. D agramle is
call ed "col d-side" SCR because the reactor is |ocated
downstream of the air heaters, particulate control, and flue
gas desul furization equi pment. '’

A new type of SCR system i nvol ves repl aci ng conventi onal
elenents in a Ljungstromair heater with el ements coated with
catal yst material. As shown in figure 5-42
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, the flue gas passes through the air heater where it is
cooled, as in a standard Ljungstrom air heater.'® The
catal yst-coated air heater elenents serve as the heat transfer
surface as well as the NOy catalyst. The NH3 required for the
SCR process is injected in the duct upstreamof the air
heater. Because this type of SCR has a |inmted anount of
space in which catalyst can be installed, the NO; renoval is
also limted. However, replacing the air heater elenents with
catal yst material would require no major nodifications to the
exi sting boiler and may be applicable to boilers with little
avai |l abl e space for add-on controls. Wile this technique has
been used in Germany, there is only one installation in the
United States on a natural gas- and oil-fired boiler in
Cal i f orni a. ***

The hardware for a hot-side or col d-side SCR system
i ncludes the catalyst material; the ammoni a system-incl udi ng
a vaporizer, storage tank, blower or conpressor, and various
val ves, indicators, and controls; the anmonia injection grid,
the SCR reactor housing (containing | ayers of catalyst);
transition ductwork; and a continuous em Ssion nonitoring
system Anhydrous or dilute aqueous anmoni a can be used;
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however, aqueous ammonia is safer to store and handle. The
control systemcan be either feed-forward control (the inlet
NOx concentration and a preset NH3/ NO¢ ratio are used), feed-
back control (the outlet NOt concentration is used to tune the
ammoni a feed rate), or a conbination of the two.

The catal yst nust reduce NOyx em ssions w thout producing
ot her pollutants or adversely affecting equi pnent downstream
of the reactor. To acconplish this, the catal yst nust have
hi gh NOyx renoval activity per catalyst unit size, tolerance to
variations in tenperature due to boiler |oad swi ngs, mnim
tendency to oxidize NH3 to NO and SOy to SOz, durability to
prevent poisoning and deactivation, and resist erosion by fly
ash.

The SCR catalyst is typically conposed of the active
material, catalyst support material, and the substrate. The
active conpound pronotes the NH3/ NOx reaction and may be
conposed of a precious netal (e.g., Pt, Pd), a base netal
oxide, or a zeolite. The entire catalyst cannot be nade of
these material s because they are expensive and structurally
weak. The catal yst support (usually a netal oxide) provides a
| arge surface area for the active material, thus enhancing the
contact of the flue gas with the active material. The
mechani cal formthat holds the active conpound and cat al yst
support material is called the substrate. The individual
catal yst honeyconbs or plates are conbined into nodul es, and
the nodules are applied in layers. Figure 5-43
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Fi gure 5-43. Typical configuration for a catal yst reactor.
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shows a typical configuration for a catal yst reactor.*®
Figure 5-44
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Figure 5-44. Exanple of optinmmtenperature range for
different types of catalysts.!®
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shows exanpl es of relative optimumtenperature ranges for
precious netal, base netal, and zeolite catal ysts.'®

Some manuf acturers of fer honbgeneous extruded nonolithic
catal ysts that consist of either base netal oxide or zeolite
formul ations. The specific formulations contain ingredients
t hat have nechani cal strength and are stable. These catalysts
are conparable in price to conposite catal yst and have been
installed in Europe and Japan.'*
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The precious netal catalysts are typically platinum (Pt)
or palladium (Pd) based. They are primarily used in clean
fuel applications and at | ower tenperatures than the base
nmetal oxides or zeolite catalysts. The NOg reduction
efficiency of precious netal catalysts is reduced above 400 OC
(750 OF) because the NHg oxidation reaction is favored. *®

The nost comon commercially avail abl e base nmetal oxide
catal ysts are vanadi unititani um based, w th vanadi um pent oxi de
(V20s5) used as the active material and titanium dioxide (TiOp)
or a titanium oxide-silicon dioxide (SiOy) as the support
mat eri al . *** Vanadi um oxi des are anong the best catal ysts for
SCR of nitric oxide with ammoni a because of their high
activity at |low tenperatures (<400 OC [<750 OF]) and because
of their high resistance to poisoning by sul fur oxides. '

The zeolite catalysts are crystalline alum nosilicate
conpounds. These catal ysts are characterized by
I nterconnected systens of pores 2 to 10 tines the size of NO
NHz, SOp, and Op nol ecul es. They absorb only the conpounds
wi th nol ecul ar sizes conparable to their pore size. The
zeolite catalyst is reported to be stable over a w der
tenperature wi ndow than other types of catal yst.

The SCR catalyst is usually offered in extruded honeyconb
or plate configurations as shown in figure 5-45
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Figure 5-45. Configuration of parallel flow catalyst.*
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.?* Honeyconb catal ysts are nmanufactured by extrudi ng the

catal yst-containing material through a die of specific channel
and wall thickness. The pitch, or nunber of open channel s,
for coal-fired applications is larger than the pitch for oi

or natural gas applications due to the increased anmount of
particulate matter with coal-firing. Plate catalysts are
manuf actured by pressing a catal yst paste onto a perforated
plate or by dipping the plate into a slurry of catal yst
resulting in a thin |ayer of catalyst material being applied
to a metal screen or plate.
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5.3.2.2 Factors Affecting Perfornmance

5.3.2.2.1 Coal-fired boilers. The performance of an SCR
systemis influenced by six factors: flue gas tenperature,
fuel sulfur content, NH3/NOy ratio, NOy concentration at the
SCR inlet, space velocity, and catal yst condition.

Tenperature greatly affects the perfornmance of SCR
systens, and, as discussed earlier, each type of SCR catal yst
has an opti num operating tenperature range. Below this range,
NOyx reduction does not occur, or occurs too slowy, which
results in NHz slip. Above the optinmumtenperature, the NH3
is oxidized to NO¢, which decreases the NOy¢ reduction
efficiency. The optinmumtenperature wll depend on the type
of catalyst material being used.

The second factor affecting the performance of SCR is the
sul fur content of the fuel. Approxinmately 1 to 4 percent of
the sulfur in the fuel is converted to SO3. The SO3 can then
react with anmonia to form anmmoni um sul fate salts, which
deposit and foul downstream equi pnent. As can be seen in
figure 5-46
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Figure 5-46. Effect of tenperature on conversion
of SO to SO3. **°
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, the conversion of SOy to SO3 is tenperature dependent, with
hi gher conversion rates at the higher tenperatures.'® The

t enperature-sensitive nature of SOp to SO3 conversion is
especially inportant for boilers operating at tenperatures
greater than 370 OC (700 OF) at the economni zer outlet.
Potential reaction equations for amonium sulfate salts are:?®

NH3 (gas) + SO3 (gas) + HpO (gas) - NHgHSO4 (11 quid) (5-24)
NHgHSO4 (liquid) + NH3 (gas) - (NHg) 2 SOy (solid) (5-25)
2 NH3 (gas) + SO3 (gas) + HpxO (gas) - (NHg)2 SO4 (solid) (5-26)

Wth the use of medium to high-sulfur coals, the
concentration of SO3 will likely be higher than experienced in
nost SCR applications to date. This increase in SO3
concentration has the potential to affect anmmoni um sul fate
salt formation. However, there is insufficient SCR
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application experience with nedium to high-sulfur coals to
know the nature of the effects. Applications of SCRwth
medium to high-sulfur coals may need to incorporate ways to
m nimze the inpacts of amonium sulfate salt formation and
deposi tion.

The third factor affecting SCR performance is the ratio
of NHz to NOy. For NO¢ reduction efficiencies up to
approxi mately 80 percent, the NH3-NOk reaction follows
approximately 1:1 stoichionetry. To achieve greater NOy
renoval , it is necessary to inject excess NHz, which results
i n higher levels of NHz slip.

The fourth factor affecting SCR perfornmance is the
concentration of NO¢ at the SCR inlet. The NOk reduction is
relatively unchanged with SCR for inlet NO¢ concentrations of
150 to 600 ppm **" However, at inlet concentrations bel ow
150 ppm the reduction efficiencies decrease with decreasing
NO; concentrations. **®

The fifth factor affecting SCR performance is the gas
flow rate and pressure drop across the catalyst. Gas flow
through the reactor is expressed in terns of space velocity
and area velocity. Space velocity (hr-1) is defined as the
inverse of residence tine. It is determned by the ratio of
the anmobunt of gas treated per hour to the catal yst bul k
volunme. As space velocity increases, the contact tinme between
the gas and the catal yst decreases. As the contact tine
decreases, so does NOy reduction. Area velocity (ft/hr) is
related to the catalyst pitch and is defined as the ratio of
the volume of gas treated per hour to the apparent surface
area of the catalyst. At lower area velocities, the NOk in
the flue gas has nore tine to react with NH3 on the active
sites on the catalyst; at higher area velocities, the flue gas
has less tine to react. '

The sixth factor affecting SCR performance is the
condition of the catalyst material. As the catalyst degrades
over time or is damaged, NOy renoval decreases. Catalyst can
be deactivated fromwear resulting fromattrition, cracking,
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or breaking over tinme, or fromfouling by solid particle
deposition in the catal yst pores and on the surface.

Simlarly, catalyst can be deactivated or "poi soned" when
certain conpounds (such as arsenic, |lead, and al kali oxides)
react wwth the active sites on the catalyst. Poisoning
typically occurs over the long term whereas fouling can be
sudden. Wien the maxi num tenperature for the catal yst

material is exceeded, catalysts can be thermally stressed or
sintered, and subsequently deactivated. As the catal yst
degrades by these processes, the NH3/ NO¢ ratio nust be
increased to maintain the desired | evel of NO¢ reduction.

This can result in increased |levels of NH3 slip. However, the
greatest inpact of degradation is on catalyst |ife. Because
the catalyst is a major conponent in the cost of SCR, reducing
the life of the catalyst has a serious inpact on the cost.

The top | ayer of catalyst is typically a "dumy" |ayer of
catal yst used to straighten the gas flow and reduce erosion of
subsequent catal yst layers. A netal grid can al so be used as
a straightening layer. The dumry |ayer is nade of inert
material that is | ess expensive than active catal yst
material . Active catalyst material can be replaced as
degradation occurs in several different ways in order to
mai ntain NO; renoval efficiency. First, all the catal yst may
be replaced at one tinme. Second, extra catalyst may be added
to the reactor, provided extra space has been designed into
the reactor housing for this purpose. Third, part of the
catal yst may be periodically replaced, which would extend the
useful life of the remaining catalyst.

5.3.2.2.2 QI and natural gas-fired boilers. The
factors affecting the performance of SCR on coal-fired boilers
are generally applicable to natural gas- and oil-firing.
However, the effect may not be as severe on the natural
gas- and oil-fired applications.

The six factors affecting SCR performance on coal -fired
boilers were: flue gas tenperature, fuel sulfur content,

NH3/ NOy ratio, NO¢ concentration at the SCR inlet, space
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velocity, and catalyst condition. O these, the fuel sulfur
content will not be as nuch a factor in natural gas and oi
firing applications because these fuels do not contain as much
sul fur as coal. Therefore, there will not be as much SOz in
the flue gas to react with excess ammoni a and deposit in
downst r eam equi pnent .

Anot her paraneter which will not have as nuch inpact in
natural gas- or oil-fired boilers is the condition of the
catalyst material. The SCR catalyst material can still be
damaged by sintering or poisoned by certain conpounds.
However, since natural gas- and oil-fired boilers do not have
as nmuch fly ash as coal-fired boilers, the pores in the
catalyst will not plug as easily and the surface of the
catal yst woul d not be scoured or eroded due to the fly ash
particles.

5.3.2.3 Performance of Selective Catalytic Reduction.
Tabl e 5-16
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presents the results frompilot-scale SCR installations at
two coal -fired boilers and one oil-fired boiler. The SCR
pilot plants are equal to approximately 1 to 2 MNand process
a slip-streamof flue gas fromthe boiler. Each pilot plant
contained two different catal ysts that were eval uated
simul taneously. As of 1993, these pilot plants had been
operating 2-3 years.

For the coal-fired SCR denonstration projects, the
results indicate that 75-80 percent NO¢ reduction has been
achieved with amonia slip of less than 20 ppm The | ower NOy
reduction and higher NH3 slip for the oil-fired denonstration
at the Oswego site were neasured at higher-than-desi gn space
velocities. Note that these results are pilot facilities in
whi ch operating and process paraneters can be carefully
controll ed.

To date, there are no full-scale SCR applications on oil-
or coal-firing. However, as shown in table 5-16, Southern
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California Edison has a commercial size installation of SCR on
their gas-fired Huntington Beach Unit 2 boiler. The NO
reduction reported was approximately 90 percent with the
hi ghest |evel of NH3 slip at 40 ppm

The effect of catal yst exposure tine and space velocity
on catal yst performance was al so exam ned for each of the
pilot-scal e denonstrations. Figures 5-47a

5-465



Figure 5-47a. Extruded catal yst NOy
conversion and residual NH3
versus NHz-to-NOy Ratio. !

Figure 5-47b. Repl acenent conposite
cat al yst NOy conversion
and residual NH3 versus

NH3-t 0- NOy Ratio. ***

5-466



and 5-47b show NOy renoval and NH3 slip as a function of

NH3/ NOk ratio for two catalysts in a cold-side, post-FG SCR
denonstration at the Kintigh site. The results show no
change in the activity of either the extruded catal yst after
7,800 hours of operation or the replacenent conposite catal yst
after 2,400 hours of operation. Each catalyst controlled NOk
em ssions by 80 percent at an NH3/NOk ratio of 0.8 with a
corresponding NHg slip of < 1 ppm***
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Fi gures 5-48a
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Figure 5-48a. V/Ti catal yst ammoni a

slip and NOg renoval
ver sus anmmoni a-t o- NOy
ratio. **?

Figure 5-48b. Zeolite catal yst amoni a

slip and NO renoval
versus_ ammoni a-t 0- NO
ratio. '
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and 5-48b show performance results for two catalysts in the
hi gh-dust SCR denonstration at the Shawnee site.' The
figures show a decrease in catalyst activity and an increase
in residual NH3 with increasing hours of operation for both
catal ysts. This deterioration in catalyst activity is nore
pronounced for the zeolite catal yst as shown in figure 5-
48Db. 132
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Fi gures 5-49a
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Figure 5-49a. Tq10Op corrugated plate catal yst
NOyx conversion and resi dual
NH3 versus NHz-to-NOy ratio.

Figure 5-49b. Vanadiumtitani um extruded catal yst
NOy conversion and residual
NH3 versus NHz-to-NOy ratio. '
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and 5-49b show the performance results for the two catal ysts
evaluated in the SCR application on the oil-fired boiler at
the Oswego plant.®™ In each figure, the curves show the
effect of space velocity on NOk reduction as a function of
NH3/ NOy ratio. The effect of space velocity on NH3 slip is
al so shown in the figures. The results show the expected
decrease in NOg reduction and increase in NH3 slip at the

hi gher space velocity for both catalysts. The effect is nore
pronounced on the V/Ti catalyst. '

5.3.3 Selective Noncatalytic Reduction and Conbustion

Controls
5.3.3.1 Process Description. Conbustion controls such

as LNBs and OFA may be used in conmbination with SNCR to reduce
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NOx em ssions on fossil fuel-fired utility boilers to achieve
hi gh | evels of NO¢ reduction. It nmay al so be possible to
enpl oy operational nodifications such as LEA, BOOS, and FGR to
provi de additional reductions in NO¢ prior to the SNCR system

The process descriptions for conmbustion controls for
coal -fired boilers are presented in section 5.1 and conbusti on
control descriptions for natural gas- and oil-fired boilers
are presented in sections 5.2. Selective noncatal ytic
reduction is described in section 5.3.1.

5.3.3.2 Factors Affecting Performance. The sane basic
factors affecting the performance of individual conbustion
controls or SNCRw Il apply to these controls used in
conbi nati on. However, since SNCR requires specific operating
condi tions such as gas tenperature and residence tine, the
range of operating conditions for the conbustion controls may
be severely reduced if the conbustion controls and SNCR system
are designed incorrectly. Wen conbining LNB + OFA + SNCR
sone systems may be designed to achi eve nore NOy reduction
with the LNB + OFA and use SNCR to "trim NOy to desired
levels. There are a very limted nunber of boilers enploying
a conbi nation of these controls; therefore, all the factors
af fecting performance have not yet been identifi ed.

The factors affecting the individual conbustion controls
for coal-, natural gas- and oil-fired applications are given
in sections 5.1 and 5.2. The factors affecting SNCR are
presented in section 5.3.2.

5.3.3.3 Performance of Conbustion Controls and Sel ective

Noncatal yti c Reduction. There is one application of LNB + OFA
+ SNCR on a coal -fired boiler at Public Service Conpany of

Col orado' s Arapahoe Station Unit 4. This is a 100 MWV roof -
fired boiler. Short-termdata fromthis unit is given in
Tabl e 5-17
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The predicted NO¢ reduction for LNB + OFA + SNCR was
70 percent; however, reported reductions have been
70- 85 percent.
As was discussed in section 5.1.4.3.1, the LNB + CFA
educed NOy em ssions across the | oad range by 60-70 percent.
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The addition of SNCR reduced NOy an additional 30-40 percent
across the | oad range neking a total reduction of
approxi mately 70-85 percent.

The NH3 slip was | owest (5-20 ppm at 110 MW where the
flue gas tenperature are the highest. As the |load and thus
flue gas tenperature are |lowered, the NH3 slip increases to as
hi gh as 100 ppm
5.3.4 Selective Catalytic Reduction and Conbustion Controls

5.3.4.1 Process Description. Conbustion controls such
as OFA + LNB can be used in conmbination wwth SCR to reduce NOy
em ssions on fossil fuel-fired utility boilers to achieve the
hi ghest | evel of NO¢ reduction. It may al so be possible to
use operational nodifications such as LEA and BOOS, and FGR to
reduce NOy prior to the SCR reactor.

The process descriptions for conbustion controls for
coal -fired boilers are given in section 5.1 and the process
descriptions for conbustion controls for natural gas- and oil -
fired boilers are presented in section 5.2. Selective
catal ytic reduction is described in section 5. 3. 2.

5.3.4.2 Factors Affecting Performance of Conbustion
Controls and Selective Catalytic Reduction. The sane basic
factors affecting the performance of individual conbustion
controls or SCRw Il apply to these controls used in
conbi nati on. However, since SCR requires very rigid operating
conditions such as flue gas tenperature and gas flow rate, the
range of operating conditions for the conbustion controls may

be severely reduced. There are very few boilers enploying a
conmbi nati on of these controls; therefore, all the factors
af fecting perfornmance have not yet been identified.

The factors affecting the individual conbustion controls
for coal-fired applications and natural gas- and oil-fired
applications are given in sections 5.1 and 5.2. The factors
affecting SCR are presented in section 5.3.2.

5.3.4.3 Performance of Conbustion Controls and Sel ective
Catalytic Reduction. There are no known retrofits of SCR on
utility boilers that also have conbustion controls.
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TABLE 5-4.

PERFORVMANCE OF LNB RETROFIT ON U. S. COAL-FIRED UTILITY BO LERS

Uncontrol | ed Control |l ed Reduct i on
Rat ed Control Capacity em ssi ons in NQ
Uni t capacity type® Lengt h tested (1'b/ MVBt u) em ssi ons eni ssi ons
Uility (standar d)@ (MY e (vendor)d of test® (% (1 b/ MVBt u) (% Ref er ence
TANGENTI ALLY- FI RED BO LERS, Bl TUM NOUS QAL
Qil f Power Co. Lansing Smth 2 200 ABB- CE LNCFS | Short 100 0.73 0.39 45 19
(Pre) (ABB- CE) Short 70 0.68 0. 40 48
Short 60 0. 65 0. 43 41
Longf 100 0. 64 0.41 36 13
Longf 70 0. 63 0. 40 37
Longf 60 0. 62 0.39 37
Paci fic Pover & Hunter 2 446 ABB- CE LNCFS | Short 100 0.64 0.35 45 7
Li ght Co. (D (ABB- CB) 70
Long 70 -- 0.41 -- 7
Tennessee Gllatin 4 328 ABB- CE LNCFS | Short -- 0.55-0. 65 0.45-0.55 10- 20 20
Val | ey (Pre) (ABB- CE)
Authority
WALL- FI RED BA LERS, B TUM NOUS CQOAL
Chi o Edi son Co. Edgewat er 4 105 B&W Xao Short 100 0.85 0.52 39 21
(Pre) (B&WY Short 78 0. 80 0. 46 43
Shor t 63 0. 67 0.39 42
Al abana Power Gaston 2 272 B&W Xa Short 100 0.78 0. 39 46 22
Co. (Pre) (B&W Short 70 0. 69 0. 37 41
Short 50 0. 60 0.34 43
Long! 100 0.76 0. 40 a7 13
Longf 70 0.72 0.38 47
Longf 50 0. 65 0.36 45
Central IL Duck Oreek 1 441 RS (e Short 100 1.11 0.55 50 23
Li ght Co. (Pre) (RS
Tennessee Johnsonville 8 125 FW I FS Short 100 1.0 0.45 55 20,24, 25
Val | ey (Pre) (FWY 0.95-1.05 0. 44-0. 60

Authority




TABLE 5-4. PERFORVMANCE OF LNB RETROFIT ON U. S. COAL-FIRED UTILITY BA LERS (Conti nued)
Uncontrol | ed Gontrol | ed Reduct i on
Rat ed Control Capacity em ssi ons in NQ
Uni t capacity type® Lengt h tested (1'b/ MVBt u) em ssi ons eni ssi ons
Uility (standar d)@ (MY e (vendor)d of test® (% (1 b/ MVBt u) (% Ref er ence
WALL- FI RED BA LERS, B TUM NOUS QQAL ( Continued)
Tennessee Col bert 3 200 B&W I FS Short 100 0.77 0.40 48 25
Val | ey (Pre) (FW
Aut hority
Long - - -- . 45 - - 5
Geor gi a Power Harmond 4 500 FW CF/ SF Short 100 1.20 0. 65 50 12
. (Pre) (FW Short 60 1.00 0. 50 50
Longf 100 1.23 0.69 44 13
Long 80 1.09 0.57 48
Longf 60 0.98 0. 47 52
Monogahel a Pl easants 2 626 FwW CF/ SF Short 100 0.95 0. 45 53 14
Power Co. (Da) (FWY Short 84 -- 0.33 --
Short 72 -- 0.34 --
Long9 -- -- 0.33-0.45 -- 26
Board of Public Qui ndaro 2 137 RS RO 1 Short 90 -- 0.53 -- 16
Wilities (D (ABB- CE) 70 -- 0.51 --
55 -- 0. 45 --
WALL- FI RED BA LERS, SUBBI TUM NOUS CCAL
Public Service Cher okee 3 172 B&W I FS Short 90 0.73 0. 50 31 27
G. of QO (Pre) (P
Arizona Public Four Corners 3 253 Fw CF/ SF Short 100 -- 0.58 -- 28
Servi ce Co. (Pre) (P Short 70 -- 0.51 --
Longf -- - 0.45-0. 60 -- 28
Public Service San Juan 1 361 Fw CF/ SF Short 100 0.95 0. 40 58 29
Co. of NM (Pre) (FWY




TABLE 5-4. PERFORVANCE OF LNB RETROFIT ON U. S. COAL- FIRED UTILITY BA LERS (Concl uded)
Uncontrol | ed Gontrol | ed Reduct i on
Rat ed Gontr ol Capaci ty em ssi ons in NQ
Uni t capacity type® Lengt h tested (1'b/ MVBt u) em ssi ons eni ssi ons
Uility (standar d)@ (MY e (vendor)d of test® (% (1 b/ MVBt u) (% Ref er ence
WALL- FI RED BA LERS, SUBBl TUM NOUS CQAL ( Conti nued)
Consurer s Power J.H Canpbell 3 778 FwW CF/ SF Short 100 0. 58- 0. 60" 0. 39- 0. 46" 30-41 30
Q. (D (FWy
LongY 80- 100 0. 38-0. 60 0. 40-0. 60 -- 30
Arizona Public Four Corners 4 818 B&W CF/ SF Short 103 1.15 0.49 57 31
Servi ce Co. (Pre) (R Short 70 0.98 0.70 29
Short 50 0. 67 0. 62 7
Long9 -- -- 0.5-0.65 -- 31
Arizona Public Four Corners 5 818 B&W CF/ SF Short 93 1.15 0.57 50 31
Servi ce Qo. (Pre) (R
Long9 -- -- 0.5-0.65 -- 31
Board of Public Quindaro 2 137 RS RO Short 90 -- 0.35 -- 16
Uilities (D ( ABB- CE) 70 -- 0.27 --
55 -- 0.28 --
CELL BA LERS, BI TUM NOUS CQOAL
Dayt on Power & JM Stuart 4 610 B&W LNCB Short 100 1.22 0.55 55 32, 33
Li ght Co. (Pre) (B&WY Short 75 0.92 0.42 54
Short 57 0.70 0. 37 47
9Gfandard: D = Supart D, Da = Subpart Da, and Pre = Pre- NoPS

CEM = i gi anl

CType Control :
St aged
Low

Control I ed Low NQ, Burner

\Vendor :
€Long

Vendor of NQ control.
= Long-term CEMdata, i.e.,

2-6 nonths.

Equi pnent Manuf act uer; ABB-CE = Asea Brown Boveri
RS = Rley Stoker.
QCV = Control | ed Conbustion Venturi Low NG, Burner; CF/ SF = Controlled Flow Split Fare Low NQ Burner; IFS = Intermal Fuel

Refer to note "b".
Short = Short-termtest data, i.e.,

Long = Mean val ue of hourly averages for 2-6 nonths.
9Long = Range of hourly averages.
_hl,hcontrol led emssions are with CFA and controlled NQ, enissions are with LN\B al one.
'Oiginally 3-nozzle cell burner that has had burner pattern changed to standard opposed-wal | configuration.
-- = Data not avail abl e

- Conbusti on Engi neering;

hour s.

B&W = Babcock & WI cox;

FW= Foster Weel er;

and

Burner; LNCOB = Low NQ Cell Burner; LNCFSI = Low N3, Concentric Firing System Level I, with cl ose-coupled overfireair; and XL = Axial



TABLE 5-5. PERFORVMANCE OF LNB ON NEW U. S. CQAL- FI RED UTILITY BA LERS
Rat ed Control Lengt h Capaci ty
Uni t Year capacity type® of test tested en ssi ons
Uility (standar d) @ onl i ne (MY o=Vl (vendor)oI (hrs) (% (1 b/ MvBt u) Ref er ence
TANGENTI ALLY- FI RED BO LERS, Bl TUM NOUS COAL
N I ndiana Public R M Schahfer 17 1983 393 ABB- CE LNB/ COCFA 6 95 0.43 34
Service Co. (Da) (ABB- CE) 2 79 0.42
5 58 0. 60
N I ndiana Public R M Schahfer 18 1986 393 ABB- CE LNB/ GOCFA 5 96 0.41 34
Servi ce Co. (Da) ( ABB- CE) 5 70 0.29
6 51 0.50
Tanpa Hectric Co. Big Bend 4 1985 455 ABB- CE LNB/ OOCFA -- 96 0.41 35
(D) (ABB-CF)
S. Carolina Public Qoss 2 1984 500 ABB- CE LNB/ CGOCFA 1 100 0.51 36
Servi ce (Da) (ABB- CE) 1 95 0.52
1 92 0. 50
TANGENTI ALLY- FI RED BO LERS, SUBBI TUM NOUS COAL
Miscati ne Power & \Wter Muscatine 9 1983 161 ABB- CE LNB/ COCFA 4 107 0.38 37
(Da) ( ABB- CE) 2 70 0. 44
4 40 0. 66
Lower QO R ver Fayette 3 1988 440 ABB- CE LNB/ COCFA 6 97 0.42 38
Authority (Da) (ABB- CE)
Houston Lighting & WA Parrish 8 1982 615 ABB- CE LNB/ GOCFA -- 98 0.35 39
Pover Co. (Da) (ABB- CE)
TANGENTI ALLY- FI RED BO LERS, LI GN TE COAL
Houston Lighting & Li mestone 1 1985 810 ABB- CE LNB/ COCFA -- 100 0. 48 40
Power Co. (Da) (ABB- CE)
Houston Lighting & Li mest one 2 1986 810 ABB- CE LNB/ COCFA -- 97 0. 46 40
Power Co. (Da) (ABB- CE)




TABLE 5-5.

PERFORMANCE OF LNB ON NEWU. S. COAL-FI RED UTILITY

BA LERS (Conti nued)

Rat ed Control Lengt h Capaci ty
Uni t capacity typeC of test tested em ssi ons
Uility (st andar d) @ (MY o=V (vendor)oI (hrs) (% (1 b/ MVBt u) Ref er ence
L- FI RED BA LERS, B TUM NOUS QCOAL

Sout hern | ndi ana Gas & AB Brown 2 265 B&W DRB 6 91 0.39 41
Hectric (Da) (B&WY
W ah Power & Light Hunter 3 430 B&W DRB 10 100 0.39 42

(D) (BaWY
Olando Wility CH Stanton 1 464 B&W LNB 8 100 0.42 43
Conmi ssi on (Da) (B&W
Baltinore Gas & Brandon Shores 1 670 B&W DRB 3 100 0.50 44
Hectric (Da) (B&W
Baltinore Gas & Brandon Shores 2 670 B&W DRB 3 100 0.52 45
Blectric (Da) (B
Los Angel es Dept. of Internountain 1 900 B&W DRB 4 94 0.33 46
Water & Power (Da) (B&W 2 71 0.30

2 48 0.29

dncinnati Gas & Zimer 1 1300 B&W DRB 3 107 0. 40 47
Hectric (Da) (B&WY
Nevada Power Co. Rei d Gardner 4 301 Fw CF/ SF 6 100 0.28 48

(D) (P
Big Rver Hectric DB Wlson 1 440 FW CF/ SF 4 111 0.4 49
Gorp. (D) (FW 65 0.33




TABLE 5-5. PERFORMANCE OF LNB ON NEW U. S. COAL- FI RED UTI LI TY BO LERS (Concl uded)
Rat ed Control Lengt h Capaci ty
Uni t Year capacity typeC of test tested em ssi ons
Uility (st andar d) @ onl i ne (MY o=V (vendor)oI (hrs) (% (1 b/ MVBt u) Ref er ence
WALL- FI RED BO LERS, SUBBI TUM NOUS OCQAL
Sunfl ower Hectric Hol conb 1 1983 348 B&W DRB 1 93 0. 26- 50
Power Cor p. (Da) (B&WY 0.34
Tri-State Generation Qaig 3 1984 448 B&W DRB 6 89 0. 36 51
and Trans. Assoc. (Da) (B&vy
Sierra Pacific Power North Val ny 2 1985 284 FW LNB 2 95 0.47 52
. (De) (P
WALL- FI RED BA LERS, LU GN TE COAL
Central LA Hectric . Dolet HIls 1 1986 695 B&W DRB 1 97 0.39 53
(Da) (B&WY

agandard: Da = Subpart Da.

beem = i gi nal Equi pnent Manufacturer; ABB CE = Asea Brown Boveri-Conbustion Engi neeri ng; B&W = Babcock & WI cox; and FW= Foster Weel er

Coontrol Type: DRB = Dual Register Burner; OF/ SF = Controlled Flow Split Flane; and LNB/ OOCFA = Low NQ, Burners with O ose-®upled Qverfire Air.

dvendor s:

Vendor of N3 control.

Refer to note "b".



TABLE 5-6. PERFORMANCE OF LNB + OFA RETROFIT ON U. S. COAL- FI RED UTI LI TY BO LERS
Uncontrol led | Control | ed Reducti on
Rat ed Control Capacity in
Uni t capacity type® Lengt h tested em ssi ons en ssi ons em ssi ons
Uility (st andar d) @ (MY CEWp (vendor)d | of test® (% (1 b/ MVBt u) (I b/ MVBL u) (% Ref er ence
TANGENTI ALLY- FI RED BO LERS, Bl TUM NOUS COAL
Publ ic Service Val mont 5 165 ABB- CE LNCFS |1 Short 106 0. 66 0.32 52 56
Co. of QO (Pre) (ABB- CE) Short 73 0. 65 0.48 26
Short 50 1.03 0.75 27
Qil f Power Co. Lansing Smth 2 200 ABB- CE LNCFS |11 Short 100 0.73 0. 40 45 19
(Pre) (ABB- CE) Short 70 0. 68 0. 40 41
Short 60 0. 65 0. 38 41
Long 100 0. 64 0.41 36 13, 55
Long 70 0.63 0.39 38
Long 60 0. 62 0. 40 35
Public Service Cher okee 4 350 ABB- CE LNCFS |1 Short 100 0.52 0.28 46 57
G. of QO (Pre) (ABB- CE) Short 70 0.45 0.31 31
Short 43 0.51 0.33 35
Qil f Power Co. Lansing Smth 2 200 ABB-CE | LNCFS |1 Short 100 0.73 0. 36 51 19
(Pre) (ABB- CE) Short 70 0. 68 0.34 50
Short 60 0. 65 0.32 51
Long 100 0.64 0.34 48 13, 55
Long 70 0.63 0.34 47
Long 60 0.62 0.37 39




TABLE 5-6. PERFORMANCE OF LNB + OFA RETROFIT ON U. S. COAL- FI RED UTI LI TY BO LERS
(Cont i nued)
Uncontrol led | Control | ed Reduct i on
Rat ed Control Capaci ty in
Uni t capacity t ypeC Lengt h tested em ssi ons en ssi ons em ssi ons
Uility (st andar d) @ (MY CEWP (vendor)d | of test® (% (1 b/ MVBt u) (I b/ MvBt u) (% Ref er ence
TANCGENTI ALLY- FI RED BO LERS, Bl TUM NOUS/ SUBBI TUM NOUS BLEND

Union Hectric Labadi e 4 620 ABB- CE LNCFS 111 Short 100 0. 69 0.45 35 58
Co. (Pre) ( ABB- CE) Short 60 0.50 0.45 10

Short 25 0.54 0.45 17

TANGENTI ALLY- FI RED BO LERS, SUBBI TUM NOUS CQAL

Kansas Power Lawr ence 5 448 ABB- CE PM + CFA Short 80 0. 49 0.25 a9f 59
and Light Co. (Pre) (Ce-M)

Long 50 0.47 0.19 60 59

Long 33 0.49 0.14 71
PSI Energy Inc. G bson 1 668 Fw Atlas + Short 100 1.20-1.30 0.74-0.80 ~38 60

(Pre) aFA
PSI Energy Inc. d bson 3 668 FW Atlas + Short 100 0.55-0.80 0.34-0.50 ~38 60
(D A
WALL- FI RED BA LER, BITUM NOUS COAL

Geor gi a Power Hammond 4 500 FwW CF/ SF + Short 90 1.20 0.5 58 61
Co. (Pre) ACFA 60 1. 00 0.5 50




TABLE 5-6.

PERFORMANCE OF LNB + OFA RETROFIT ON U. S. COAL-FI RED UTILITY BA LERS

( Concl uded)
Uncontrol led | Control | ed Reduct i on
Rat ed Control Capaci ty in NQ
Uni t capacity t ypeC Lengt h tested em ssi ons en ssi ons em ssi ons
Uility (st andar d) @ (MY CEWP (vendor)d | of test® (% (1 b/ MVBt u) (I b/ MvBt u) (% Ref er ence
WALL- FI RED BA LER BITUM NOUS COAL (Conti nued)
Chi o Edi son Co. WH Samms 6 623 B&wW DRB- XQL + Short 96 1.14-1.40 0.33-0.35 60-70 62, 63
(Pre) SCFA 58 0. 49 0.31 37
(B&Y
ROCF- FI RED BA LER SWBBI TUM NOUS
Public Service Arapahoe 4 100 B&W DRB- XCL + Short 100 1.10 0.35 68 64
Co. of QO (Pre) CFA 80 1.07 0.33 69
(B&W 60 1.00 0. 40 60
agtandard: Pre = Pre-NSPS

beem = ari gi nal Equi pnent Manufacturer.

ABB- CE = Asea Brown Boveri

- Conbusti on Engineering;

B&W = Babcock and WI cox; FW= Foster Weel er.

C_Oontrol Type: DRB-XQ + SCFA = Dual Register-Axial Control with Separated Overfire Air; LNOFS Il = Low N3, Concentric Firing System Level |1,
Ws:agarated overfire ar; LNCFS 111 = Low N3, Concentric Firing System Level 111, with close-coupled and separated overfire air; and

PM = Pollution MninumBurner; Atlas = Phoenix Conbustion Atlas LNB, CF/ SF + ACFA = Control l ed Flow Split Flane wi th advanced CGFA

dvendors: CE-MH = Conbustion Engi neering - Mtsubishi Heavy Industries. Refer to note "b" for others.

€long = Long-term CEMdata, i.e., 2-4 nonths. Short = Short-termtest data,

i.e., hours.

fDfferent coal was buned duri ng the baseline testing (uncontrdled) and 49 percent reduction nmay not be an accurate depiction of the retrofit.



TABLE 5-13.

PERFORMANCE OF COMBI NATI ONS OF COVBUSTI ON CONTROLS ON

U S NATURAL GAS-

AND O L-FI RED UTI LI TY BO LERS

Uncontrol led | Controlled Reduct i on
Rat ed Gontr ol Length | Capacity in NQ
Uni t capacity type® of tested eni ssi ons em ssi ons eni ssi ons
Wility (standar d) @ (MY e (vendor)d | test® (% (Ib/MBtu) | (Ib/ MBtu) (% Ref er ence
TANGENTI ALLY- FI RED BO LERS, NATURAL GAS
Pacific Gas & Pittsburg 7 745 ABB- CE FGR + GFA | Short 100 0.95 0.10 89 90, 91
Hectric (Pre) 50 0.42 0. 06 86
30 0.23 0.03 87
WALL- FI RED BA LERS, RJEL AL
Hawai i an Kahe 6 146 B&W FCR + BOOS | Short 92 0.81 0.28 65 78
Hectirc Co. (D (B&W
Hawai i an Kahe 6 146 B&W LNB + FGR | Short 92 0.81 0.43 a7 78
Electirc Co. (D (B&WY
Hawai i an Kahe 6 146 B&W LNB + CFA Short 92 0.81 0.28 65 78
Hectirc Co. (D (B&W
Pacific Gas & Contra Costa 6 345 B&W FGR + CFA | Short 100 0.55 0.19 65 90, 91
Electric Co. (Pre) Short 50 0.17 0.16 6
Short 25 0.10 0.10 0
Hawai i an Kahe 6 146 B&W LNB + CFA | Short 92 0.81 0.19 76 78
Hectirc Co. (D + FQR
(B&WY
WALL- FI RED BA LERS, NATURAL GAS
Pacific Gas & Pittsburg 6 330 B&W FGQR + GFA | Short 100 0.90 0.16 82 90, 91
Eectric Co. (Pre) Short 50 0.41 0.14 66
Short 32 0.26 0.13 50
Pacific Gas & Contra Costa 6 345 B&W FR + CFA Short 100 0. 55 0.24 57 90, 91
Hectric Co. (Pre)
Sout hern A anitos 6 495 B&W FCR + BOO5 | Short 100 -- 0.08 91 79
California (Pre)
Edi son Co.




TABLE 5-13. PERFORVANCE OF COMBI NATI ONS OF COMBUSTI ON CONTROLS ON
U S. NATURAL GAS- AND O L-FIRED UTI LI TY BO LERS (Concl uded)

Uncontrol led | Controlled Reducti on
Rat ed Gontr ol Length | Capacity N, NO, in NQ
Uni t capacity t ypeC of tested eni ssi ons eni ssi ons eni ssi ons
Wility (standard)? (M W | (vendor)d | test® (% (Ib/MBtu) | (I'b/ MBtu) (% Ref er ence
WALL- FI RED BA LERS, NATURAL GAS (Conti nued)

Pacific Gas & Mbss Landing 7 750 B&W FCGR + BOOS | Short 100 1. 80 0.15 92 90, 91
Hectric Co. (Pre) Short 80 1.30 0. 06 95

Short 60 0. 88 0. 08 91
Sout her n Alamtos 6 495 B&W LNB + FCR Short 100 -- 0.1 89 79
California (Pre) ( Todd)
Edi son Co.
Sout hern QO nond Beach 2 800 B&W LNB + FGR | Short 87 -- 0.13 -- 79
California Pre) ( Todd) Short 70 -- 0.07 --
Edi son Co. Short 50 - - 0.04 - -
Sout her n Alamtos 6 495 B&W LNB + FCR Short 100 -- 0. 06 93 79
California (Pre) + BOOS
Edi son Co. ( Todd)
Sout hern QO nond Beach 2 800 B&W LNB + FGR | Short 87 -- 0.12 -- 79
California (Pre) + BOOS Short 70 -- 0. 06 --
Edi son Co. ( Todd)

Agtandard: D = Subpart D, Da = Subpart Da; and Pre = Pre- NSPS

beem = a'i gi nal Equi prent Manufacturer; ABB CE = Asea Brown Boveri-Conbusti on Engi neering; and B&W= Babcock & WI cox.

CType Control: BQOOS = Burners-out-of-service; FGR = Flue Gas Recircul ation; LEA = Low Excess Air; LNB = Low NQ, Burners; and CFA = Qrerfire Air
dvendors: B&W= Babcock & W1 cox (Primary Gas-Dual Register Burner); and Todd = Todd Conbustion (Todd Dynaswirl LNB).

€Short = Short-termtest data, i.e., hours.

-- = Data not availabe.



TABLE 5-14.

PERFORMANCE OF SNCR ON CONVENTI ONAL U. S. UTILITY BA LERS

Rat ed Mol ar Control Length [ Capacity | Uncontrol | ed Control |l ed Reduct i on Ref er ence
Uni t Capacity N NO Typeb of Tested in Sip
Uility (St andar d)@ (M Ratio | (Vendor)€ | Testd (% Eni ssi ons Eni ssi ons Enissions | (ppm
(1 b/ MvBt u) © (1 b/ MVBt u) (%
WALL- FI RED BA LERS, B TUM NOUS CQAL

New Engl and Sal em Har bor 2 82 2.5 U ea Short 100 1.10 0.35 68 -- 99
Power Co. (Pre) 2.3 (Nal co) Short 100 1.10 0.39 67
2.0 Short 100 1.10 0. 40 64
1.3 Short 100 1.10 0.50 55
1.0 Short 100 1.10 0.50 55
2.5 Short 75 0.90 0.30 67
2.3 Short 75 0.90 0.30 67
1.7 Short 75 0.90 0.35 61
1.3 Short 75 0.90 0. 30 67
2.5 Short 50 0.90 0.22 76
2.3 Short 50 0.90 0.22 76
1.7 Short 50 0.90 0.38 58
1.3 Short 50 0.90 0.50 44

W sconsi n Valley 4 68 0.7 Uea Short 100 1.61 0.76 52 -- 100
Hectric (Pre) 1.0 (Nal co) Short 100 1.61 0.54 59
Power Co. 1.3 Short 100 1.61 0.53 67
1.7 Short 100 1.61 0.50 75
1.0 Short 36 0. 62 0.32 49
1.3 Short 36 0. 62 0.24 61
1.7 Short 36 0. 62 0.17 72
2.0 Short 36 0.62 0.14 78
1.0 Short 34 1.24 0.54 56
1.3 Short 34 1.24 0.46 62
1.7 Short 34 1.24 0.41 67
2.0 Short 34 1.24 0.35 72




TABLE 5-14.

PERFORMANCE OF SNCR ON CONVENTI ONAL U. S. UTILITY BA LERS

(Cont i nued)
Rat ed Mol ar Control Length | Capacity | Uncontrolled | Controlled Reducti on Ref erence
Uni t Capaci ty N NO Type of Test ed in Sip
Uility (St andar d)@ (M Ratio | (Vendor)C | Testd (% Eni ssi ons Eni ssi ons Emissions | (ppm
(1b/MBtu® | (I b/ MBtU) (%
ROCF- FI RED BA LERS, B TUM NOUS COAL
Publ i ¢ Ar apahoe 4 100 1.5 U ea Short 100 1. 10 0. 689 389 12 64
Service Co. (Pre) 1.0 (Noel 1) 100 1. 10f 0. 689 339 8
of QO 0.75 100 1. 10f 0.779 309 5
0.5 100 1. 10f 0. 889 209 3
0.25 100 1. 10f 0. 999 109 3
1.5 Uea Short 110 0. 350 0.19 45! 18 64
1.0 (Noel 1) 110 0. 35" 0.21 38l 8
0.75 110 0. 35" 0.24 30! 5
1.5 Uea Short 100 0. 35" 0.16 55l 30 64
1.0 (Noel 1) 100 0. 35" 0.18 50! 15
0.75 100 0. 35" 0.19 45! 10
1.5 U ea Short 80 0. 30" 0. 14 55l 100 64
1.0 (Noel 1) 80 0. 30" 0. 16 45 45
0.75 80 0. 30" 0.18 401 25
1.0 U ea Short 60 0. 400 0.27 321 8 64
0.75 (Noel 1) 60 0. 40N 0.28 30! 50
STOKER BA LERS, OOAL-FI RED
Cogentrix of Cogentrix 1-4 -- -- -- Long -- -- 0.28-0.30 -- 0-25 101
R chrond (Da)




TABLE 5-14.

PERFORMANCE OF SNCR ON CONVENTI ONAL U. S. UTILITY BA LERS

(Cont i nued)
Rat ed Mol ar Control Length | Capacity | Uncontrolled | Controlled Reducti on Ref erence
Uni t Capaci ty N NO Type of Test ed in Sip
Uility (St andar d)@ (M Ratio | (Vendor)C | Testd (% Eni ssi ons Eni ssi ons Emissions | (ppm
(' b/ MVBt u) € (1 b/ MVBt u) (%
TANGENTI ALLY-FI RED BOLERS, FUEL AL
Long | sl and Port Jefferson 3 185 0.5 U ea Short 100 0.32 0.23 27 5-10 102, 103
Li ghting Co. (Pre) 1.0 (Nal co) Short 100 0.32 0. 17 48
1.5 Short 100 0.32 0.14 56
0.5 Short 65 -- -- 45
1.0 Short 65 -- -- 40
1.6 Short 65 -- -- 25
1.0 Short 33 0. 32 0.21 36
1.5 Short 33 0.32 0.16 48
2.0 Short 33 0. 32 0.15 55
-- U ea Long 100 0. 32 0.14 55 5-10 102, 103
-- (Nal co) Long 65 -- -- 45
-- Long 33 0. 32 0.14 55
San D ego Gas Encina 2 110 1.0 U ea Short 85 -- -- 40 10- 50 104
and Bl ectric (Pre)
TANGENTI ALLY- FI RED BO LERS, NATURAL GAS
Sout hern Cal . Etiwanda 3 333 -- U ea Short 96 0.12 0.07 42 -- 105
Edi son Co. (Pre) Short 50 0. 06 0.04 33
Short 25 0.05 0.03 40
Sout hern Cal . Etiwanda 4 333 -- U ea Short 96 0.08 0. 06 25 -- 105
Edi son Co. (Pre) Short 50 0.05 0.04 20
Short 20 0.05 0.03 40
Sout hern Cal . Alamtos 3 333 -- U ea Short 95 0.09 0.08 11 -- 105
Edi son Co. (Pre) Short 50 0.05 0.04 20
Short 21 0.03 0.03 0




TABLE 5-14. PERFORVANCE OF SNCR ON CONVENTIONAL U. S. UTILITY BA LERS
(Cont i nued)
Rat ed Mol ar Control Length | Capacity | Uncontrolled | Controlled Reducti on Ref erence
Uni t Capaci ty N NO Type of Test ed in Sip
Uility (St andar d)@ (M Ratio | (Vendor)C | Testd (% Eni ssi ons Eni ssi ons Emissions | (ppm
(' b/ MvBtu)© (1 b/ MVBt u) (%
TANGENTI ALLY- FI RED BO LERS, NATURAL GAS (nt i nued)
Sout hern Cal A amtos 4 333 -- U ea Short 76 0.09 0.07 12 9 106
Edi son Co. (Pre) Short 45 0. 05 0.04 7 7
Short 21 0. 05 0. 04 14 6
Sout hern Cal . H Segundo 3 342 -- Uea Short 98 0.10 0. 06 36 7 107
Edi son Co. (Pre) Short 40 0.05 0.04 23 12
Short 20 0.05 0.04 28 17
Sout hern Cal . H Segundo 4 342 -- Uea Short 80 0.08 0. 06 25 -- 105
Edi son Co. (Pre) Short 50 0. 06 0.04 33
Short 23 0.07 0.05 28
WALL- FI RED BA LERS, NATURAL GAS
Sout hern Cal . H Segundo 1 156 -- Uea Short 111 0.11 0.08 26 15 107
Edi son Co. (Pre) (AUS) Short 45 0.1 0. 06 41 13
Short 19 0.04 0.03 40 18
Sout hern Cal . B Segundo 2 156 -- U ea Short 85 0.1 0.07 30 -- 105
Edi son Co. (Pre) Short 63 0.09 0. 05 50
Short 37 0.08 0.05 38
Pacific Gas & Morro Bay 3 345 0.8 U ea Short 100 -- -- 25 110 108
B ectric (Pre) 1.0 (Noel I') Short 100 -- -- 27
1.2 Short 100 -- -- 29
2.4 Short 100 -- -- 27
1.0 U ea Short 83 -- -- 23 80 108
1.5 (Noel I') Short 83 -- -- 26
2.0 Short 83 -- -- 27




TABLE 5-14. PERFORVANCE OF SNCR ON CONVENTIONAL U. S. UTILITY BA LERS
( Concl uded)
Rat ed Mol ar Control Length | Capacity | Uncontrolled | Controlled Reducti on Ref erence
Uni t Capaci ty N NO Type of Test ed in Sip
Uility (St andar d)@ (M Ratio | (Vendor)C | Testd (% Eni ssi ons Eni ssi ons Emissions | (ppm
(' b/ MVBt u) € (1 b/ MVBt u) (%
WALL- FI RED BA LERS, NATURAL GAS ( Conti nued)
Pacific Gas & Morro Bay 3 345 0.6 Anmoni a Short 100 -- -- 27 110 108
Bl ectric (Pre) 1.0 (Noel 1) Short 100 -- -- 35
1.2 Short 100 -- -- 39
1.8 Short 100 -- -- 45
1.8 Ammoni a Short 83 -- -- 30 50 108
1.0 (Noel 1) Short 83 -- -- 35
1.5 Short 83 -- -- 41
2.0
8standard: Pre = Pre-NSPS
beont r ol Type: UWea o ammonia (NH) injection
CVendors: AUS = AUS @nbustion Systens, Inc.; Nalco = Nalco Fud Tech; and Noell = Nell, Inc.

dshort = Short-termtest data, i.e., hours.

CFor Valley 4, 100%capacity = A& B MI1, 35%= A MII only, 34%=B MII| only.

fUncontrol I ed NQ before retrofit of LNB + CFA + SNCR

9Percent reduction with SNCR only, before retrofit of LNB + CFA

PRetrofit with LNB + GA

TRetrofit with LNB + GFA + SNCR, therefore, percent reduction is for SNCR

I Test installation across one-third of boiler width.

-- = Data not availabe.
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6.0 NO¢ TECHNOLOGY CONTROL COSTS

This chapter presents the estinmated cost and cost
ef fectiveness of nitrogen oxide (NOy) control technol ogies on
fossil fuel-fired utility boilers. The section includes
estimated total capital cost, annualized busbar cost
(hereafter referred to as busbar cost), and cost effectiveness
for 30 generic nodel plants, as well as information on the
sensitivity of busbar cost and cost effectiveness to
variations in key technical and econom c assunptions.
Sections 6.1 and 6.2 discuss costing nethodol ogy and the nodel
pl ants, respectively. Sections 6.3 and 6.4 present the cost
results for conbustion nodifications applied to coal-fired
boilers and to natural gas- and oil-fired boilers,
respectively. Section 6.5 presents the cost results for flue
gas treatnment and conbi nation controls.
6.1 COSTI NG METHODOLOGY

This section describes the procedures used to estimte
the capital and operating costs for new and retrofit NOy
control technol ogies, and how these costs were converted to
busbar and cost effectiveness estimtes. Cost procedures
foll ow the general nethodol ogy contained in the Electric Power
Research Institute (EPRI) Technical Assessnent Guide (TAG'
and the Office of Air Quality (OAQPS) Costing Manual .? The
general framework for handling capital and annual costs is
shown in table 6-1
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( Concl uded)
Al'l costs are presented on 1991 dollars. However, cost
i ndices for 1992 dollars are only 0.85 percent |ower than 1991
dollars; therefore the values in this chapter are indicative
of the 1991-1992 tinefranme. The costing
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procedures used to estimate the annualized cost of each NOy
control technology are presented in sections 6.3 through 6.5
i mMedi ately prior to the presentation of cost results for each
t echnol ogy.
6.1.1 Total Capital Cost

Total capital cost includes direct and indirect costs.
Direct costs are divided into two categories: basic system
cost and retrofit cost. This section describes the procedures
for estimating basic systemcost, retrofit cost, and indirect
cost .

6.1.1.1 Basic System Cost. Basic system cost includes
purchase and installation of systemhardware directly
associated with the control technology. This cost reflects
t he cost of the basic system conponents for a new application,
but does not include any site-specific upgrades or
nodi fications to existing equipnent required to inplenent the
control technology at an existing plant (e.g., newignitors,
new burner managenent system and waterwall or w ndbox
nodi fications). |In addition, any initial chem cal or catalyst
costs and start-up/optimzation tests are included in basic

system cost. Costs associated with purchase and installation
of continuous em ssion nonitoring (CEM equi pnent required for
determ ning conpliance with State and Federal emission limts
are not included in the analysis.

The data used to estinate basic system cost for each
t echnol ogy were obtained fromutility questionnaires, vendor
information, published literature, and other sources. These
cost data were then conpiled in a data base, exam ned for
general trends in capital cost versus boiler size (i.e.,
nmegawatt [MA), and statistically analyzed using |inear
regression to fit a functional form of:

BSC = a * MAP (6-1)
wher e:
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BSC = Basic systemcost ($/ kW
a = Constant derived fromregression anal ysis

6-513



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

MN = Boiler size (MN
b = Constant derived fromregression anal ysis
The basic system cost for the nodel plants and sensitivity
anal yses were then derived for each NO; control technol ogy
usi ng equation 6-1 and the cal cul ated val ues of "a" and "b."
6.1.1.2 Retrofit Cost. Installation of NO; controls on
an existing boiler is generally nore costly than installation
on a new unit. This increased cost is referred to as the
retrofit cost.
Retrofit costs are partially due to upgrades and
nodi fications to the boiler that are required for the NO
control systemto operate as designed. These nodifications
and upgrades are referred to as scope adders. Table 6-2
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TABLE 6-2. POSSI BLE SCOPE ADDERS FOR RETROFI T
OF COMBUSTI ON CONTRCLS

Scope adders
Ignitors (Modify)
Ignitors (Repl ace)

Wat erwal | Modi fications
FI ame Scanners

Pul verizer Mdifications
Boil er Control Modifications
Bur ner Managenent
Coal Piping Mdifications
W ndbox Modi fications
Structural Modifications
Asbest os Renova
| nsul ation
El ectrical System Mdifications
Fan Modi fications
Denolition
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| i sts possible scope adders for the retrofit of conbustion
control systems (e.g., |low NO¢ burner [LNB], LNB + advanced
overfire air [ACFA], reburn). A possible scope adder for
sel ective noncatal ytic reduction (SNCR) includes boiler
control nodifications. A possible scope adder for selective
catal ytic reduction (SCR) retrofit is the air heater
repl acenent. Another factor that contributes to the retrofit
cost is the restricted access and work space congesti on caused
by existing equipnent and facilities. A boiler with
relatively few obstructions is less costly to retrofit than a
boiler with substantial access |linmtations and congestion in
t he work area.

For conbustion control systens, scope adders contribute
nore to the retrofit cost than do access and congestion
factors. Typically, burners and overfire air ports can be
installed frominside the boiler, so exiting equipnment does
not interfere. For SCR, site access and congestion can
contribute significantly to the retrofit cost. The retrofit
cost is generally I ow for SNCR since few scope adders are
necessary when addi ng an SNCR system and site access and
congestion are less critical than in SCR applications.

To estimate the total direct cost (basic systemcost +
retrofit cost), the basic systemcost is multiplied by a
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retrofit factor. The retrofit factor accounts for the
retrofit cost as a percentage of the basic systemcost. For
exanple, a retrofit factor of 1.3 indicates that the retrofit
cost is 30 percent of the basic systemcost. Retrofit factors
wer e devel oped for each NOy control technol ogy based on cost
data for planned or actual installations of individual NO
control technologies to existing utility boilers. The cost
data were also used to estinate |low, medium and high retrofit
factors for the nodel boiler analysis. A lowretrofit factor
of 1.0 could indicate a new unit or an existing unit requiring
mnimal, if any, upgrade or nodification, and the work area is
easily accessible. A nmediumretrofit factor refl ects noderate
equi pnent upgrades or nodifications and/ or sone congestion in
the work area. A high retrofit factor indicates that
ext ensi ve scope adders are required and/ or substantial access
limtations and congestion of the work area.

6.1.1.3 Indirect Costs. Indirect costs include general
facilities, engineering expenses, royalty fees, and
contingencies. General facilities include offices,
| aboratories, storage areas, or other facilities required for
installation or operation of the control system Exanples of
general facilities are expansion of the boiler control roomto
house new conmputer cabinets for the boiler control system or
expansion of an anal ytical |aboratory. Engineering expenses
include the utility's internal engineering efforts and those
of the utility's architect/engineering (A&E) contractor.

Engi neering costs incurred by the technol ogy vendor are
included in the equi pnent cost and are considered direct
costs.

There are two contingency costs: project contingency and
process contingency. Project contingency is assigned based on
the I evel of detail in the cost estimate. It is intended to
cover m scel |l aneous equi pnent and materials not included in
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the direct cost estimate. Project contingencies range fromb5
to 50 percent of the direct costs, depending on the |evel of
detail included in the direct cost estimate. GCenerally, the
nore detailed the cost estimate, the | ess the project
contingency required. Process contingency is based on the
maturity of the technol ogy and the nunber of previous
installations. Process contingency covers unforeseen expenses
i ncurred because of inexperience with newer technol ogi es.
Process contingencies range fromO to 40+ percent of the
direct costs. Cenerally, the older and nore nature the
t echnol ogy, the | ess process contingency required.

To estimate the total capital cost (total direct cost +
indirect costs), the total direct cost is nultiplied by a
I ndirect cost factor. The indirect cost factor accounts for
the indirect costs as a percentage of the total direct cost.
For exanple, an indirect cost factor of 1.3 indicates that the
i ndirect costs are 30 percent of the total direct cost.
I ndirect cost factors were devel oped for each NOk technol ogy.
These indirect cost factors are based on cost data from
pl anned and actual installations of individual NO¢ contro
technol ogies to different boilers.
6.1.2 Qperating and Mi ntenance Costs

Operating and mai ntenance (O&\M costs include fixed and
vari abl e O&M conponents. Fixed O&M costs include operating,
mai nt enance, and supervisory |abor, and maintenance materi al s.
Fi xed O&M are assuned to be independent of capacity factor
Vari abl e O&M costs include any energy penalty resulting from
efficiency | osses associated with a given technol ogy, and
chem cal, electrical, water, and waste di sposal costs.
Vari abl e O&M costs are dependent on capacity factor

Cost rates for |abor and materials included in the cost
estimates are shown in table 6-3
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The prices listed for coal, residual oil, distillate oil,
and natural gas are the estimted national average prices for
t he year 2000, using the reference case analysis of the
Departnment of Energy's (DOE' s) 1992 Annual Energy Cutl ook.?
The prices listed for ammoni a and urea are average val ues
obt ai ned fromvendors. Prices for |abor, solid waste,
electricity, water, and high pressure steam are listed in
1989 dollars. These quantities do not
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have a major influence on total O&M costs, and therefore, nore
recent val ues were not used.
6.1.3 Calculation of Busbar Cost and Cost Effectiveness

Busbar cost is the sumof annualized capital costs and
total O&M costs divided by the annual electrical output of the
boil er. Busbar cost is commonly expressed in mlls/kWw
(1 mll = $0.001) and is a direct indicator of the cost of the
control technology to the utility and its custoners. To
convert total capital cost to an annualized capital charge,
the total capital cost is nultiplied by an annual capital
recovery factor (CRF). The CRF is based on the economc life
over which the capital investnment is anortized and the cost of

capital (i.e., interest rate), and is cal cul ated using the
foll ow ng equati on:
CRF = i (1+i)N/[(1+i)N-1] (6-2)
wher e:
[

interest rate [assuned to be 0.10 (i.e.,
10 percent) throughout this study]
n = the economc |ife of the equipnent

Cost-effectiveness values indicate the total cost of a
control technol ogy per unit of NO¢ renoved and are cal cul at ed
by dividing the total annualized capital charge and &M
expense by the annual reduction in tons of NOk emtted from
t he boiler.

Exanpl e cal cul ati ons of these values are provided in
appendi x A. 1.
6.2 MODEL PLANT DEVELOPMENT

To estimate the capital cost, busbar cost, and cost
effectiveness of NO; control technol ogies, a series of nodel
pl ants were devel oped. These nodel plants reflect the
proj ected range of size, duty cycle, retrofit difficulty,
econom c life, uncontrolled NO em ssions, and controlled NOk
em ssions for each major boiler type and NOy control
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technology. |In addition, cost estimtes were devel oped to
illustrate the sensitivity of busbar costs and cost
effectiveness to variations in each of the above paraneters.
Key desi gn and operating specifications for the nodel plant
boilers are presented in section 6.2.1. The NOk control
technol ogi es applied to each nodel plant type are presented in
section 6.2.2. The procedures used to estinate the
sensitivity of busbar cost and cost effectiveness to key
desi gn and operating assunptions are described in
section 6.2.3.
6.2.1 Model Boiler Design and Qperating Specifications

Thirty nodel plants were selected to represent the
popul ati on of existing and projected utility boilers. These
nodel plants represent six groups of boilers: coal-fired
wal |, tangential, cyclone, and fluidized bed conbustion (FBC)
boil ers; and natural gas- and oil-fired wall and tangenti al
boilers. Wthin each of these groups, five nodel boilers were
selected to estimate the range of total capital costs ($/ kW,
busbar cost (mills/ kW), and cost effectiveness ($/ton of NOy
renoved) for individual NO¢ control technologies. These five
nodel boilers represent the typical range of plant size and
duty cycle that exist for a given boiler type. For every
group except the FBC boilers, the nodels include a |arge
(600 MW basel oad unit, nmediumsize (300 MN cycling and
basel oad units, and small (100 MAN peaki ng and basel oad units.
Because of the limtations on the size of FBC boilers, the FBC
nodel plants are smaller than the other categories nodel
pl ants and al so have different duty cycles. The FBC nodel
plants include a |large (200 MN basel oad boil er, nmedi umsize
(100 MWW cycling and basel oad units, and small (50 MAN cycling
and basel oad units.

For defining the nodel plants, the economc life of the
control technol ogy was assuned to be 20 years. Key design and
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operating characteristics for each of the 30 nodel plants are
listed in table 6-4
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6.2.2 NO( Control Alternatives
Ei ght NO¢ control alternatives were selected for
anal ysi s:
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. four combustion control alternatives (operational
nodi fications, LNB, LNB + AOFA, and reburn);
. two flue gas treatnment alternatives (SNCR and SCR)
and
. two conbi nati ons of conbustion and flue gas

treatment (LNB + SNCR and LNB + ACFA + SCR).

Qperational nodifications (described in section 5.1)

i nclude | ow excess air (LEA), burners-out-of-service (BOOS),
and biased burner firing (BF). To estimte the costs of
operational nodifications, LEA + BOOS was sel ected as an
exanpl e of this option.

Tangentially-fired boilers with either close-coupled
overfire air (CCOFA) or no overfire air (OFA) ports were
classified in the LNB category (e.g., | ow NO¢ concentric
firing system [LNCFS] |, discussed in section 5.1.4).
Tangentially-fired boilers with separated OFA systens were
classified in the LNB + AOFA category (e.g., LNCFS 111
di scussed in section 5.1.4). As defined in section 5.1, wall -
fired units may have OFA or ACFA systens. However, because
retrofit data were available only for the LNB + ACFA systens
and because of its higher NO¢ reduction potential, analysis is
limted to LNB + ACFA.

The matrix of control alternatives applied to each of the
four groups of nodel boilers is shown in table 6-5
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Performance | evel s used for each nodel boiler and contro
alternative are discussed in conjunction with the cost results
in sections 6.3 through 6.5.

6.2.3 Sensitivity Analysis

In addition to the nodel plant analysis, a sensitivity
anal ysis is conducted for each NO¢ control technology to
exam ne the effect of varying selected plant design and
operating characteristics on the technology's busbar cost and
cost effectiveness. For each NOy control technol ogy, a
reference boiler is selected to illustrate the results of the
sensitivity analysis. These results are presented in two
graphs for each technol ogy/reference boiler conbination.
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As an exanple, the results of the sensitivity analysis
for a coal-fired tangential boiler retrofit with LNB are shown
in figures 6-1
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Figure 80
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and 6-2. The two figures show the effects of seven

Figure 81
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i ndependent paraneters (retrofit factor, boiler size, capacity

factor, economc |life, uncontrolled NO¢ |evels, NO¢ reduction

efficiency, and average annual heat rate) on cost

ef fectiveness and busbar cost. Key performance and cost

paranmeters for this reference boiler are a 1.3 retrofit

factor, a 40-percent capacity factor, a 20-year economc life,

a 0.7 I b/MBtu controlled NO; em ssion rate, a 45-percent

reduction in NO¢ due to the LNB retrofit, and an

11, 000 Btu/ kWh average annual heat rate.

Figure 6-1 exam nes the effect of varying four of the
seven paraneters (retrofit factor, boiler size, capacity
factor, and econonmic life). The central point on the graph
reflects the cost effectiveness ($238 per ton) and busbar cost
(0.41 mlls/kw) for LNB applied to the reference boiler.

Each of the four curves emanating fromthe central point
illustrates the effect of changes in the individual paraneter
on cost effectiveness and busbar cost, while holding the other
si x paraneters constant (this nunber includes the other three
paranmeters shown on figure 6-1 and the three paraneters
illustrated in figure 6-2). Thus, each curve isol ates the
effect of the sel ected i ndependent paraneter on cost

ef fectiveness and busbar cost. For exanple, a snmaller boiler
size, such as 200 MWV results in an estimated increase in the
cost effectiveness value from $238 to $314 per ton and an

i ncrease in busbar cost fromO0.41 mllIs/kW to 0.54 m | s/kW.

Figure 6-2 illustrates the sensitivity of cost
effectiveness to the remaining three paraneters (uncontroll ed
NO | evels, NOx reduction efficiency, and heat rate).?*@@ As

*Because of the inter-rel ationshi ps between cost effectiveness and busbar cost,
it is not possible to simultaneously graph the effect on both val ues of changes
to uncontrolled NO¢ | evels, NOk reduction efficiency, and heat rate. |f busbar
cost estimates are needed, refer to the cost procedures provided in appendi x A
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with figure 6-1, the central point on the graph reflects the
cost effectiveness and busbar cost for LNB applied to the
reference boiler. Each of the three curves emanating fromthe
central point illustrates the effect of changes in the
i ndi vi dual paraneter on cost effectiveness, while holding the
ot her six paraneters constant. Use of the curves to estimate
the sensitivity of cost effectiveness to changes in an
i ndependent paraneter is the sane as with figure 6-1.

The i ndependent plant design and operating paraneters
used in the sensitivity anal yses for other control
technologies will vary fromthose listed in the exanpl e above.
6.3 COVBUSTI ON MODI FI CATI ONS FOR COAL- FI RED BO LERS

This section presents the total capital cost, busbar
cost, and cost effectiveness estimates for LNB, LNB + ACFA,
and reburn applied to coal-fired boilers. Cost estinates for
AOFA by itself are included with the discussion of LNB + ACFA.
6.3.1 Low NOy Burners

Cost estimates for LNB technology are presented in this
section for coal-fired wall and tangential boilers.

6.3.1.1 Costing Procedures. Costing procedures for LNB
applied to wall-fired boilers were based on data obtained from
10 units, ranging in size from 130 to 800 MN These data
I ncl uded seven cost estimates and three actual installation
costs. These data are sunmmarized in appendi x A-2.

No cost data were available for LNB applied to
tangentially-fired units (LNCFS 1). Therefore, vendor
i nformation on the relative cost of LNB and cl ose-coupl ed OFA
(LNCFS 1) and LNB + cl ose-coupl ed and separated COFA
(LNCFS I'11) was used to develop the LNCFS | cost algorithmfor
tangentially-fired units. This information indicates that LNB
costs for tangential units are approximately 55 percent of the
cost of LNB + ACFA.'? Based on this information, the LNCFS I
cost algorithmfor tangentially-fired boilers (refer to
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section 6.3.2) was adjusted for LNCFS | so that LNCFS | costs
are about 40 percent lower than LNCFS Il1. A scaling factor
of 0.60 (b=-0.40) was assuned for LNCFS |I. Details on these

cal cul ations are provided in appendi x A. 3.

The basic system cost coefficients used in equation 6-1
for wall-fired LNB systens were cal culated to be a=220 and
b=-0. 44, based on the avail abl e cost data di scussed above.

For tangentially-fired LNB systens, the cost coefficients were
calculated to be a=80 and b=-0.40, based on adjustnents of the
LNCFS Il cost algorithm

Retrofit costs for wall-fired LNB systens averaged
15 percent of the basic systemcost (retrofit factor of 1.15)
based on the available installation data. For tangentially-
fired LNB systens, a retrofit factor of 1.15 was al so assuned.
For the nodel plant analysis, |Iow, nedium and high retrofit
factors of 1.0, 1.3, and 1.6 were used.

For both wall-fired and tangentially-fired LNB systens,

I ndirect costs were estinmated at 30 percent of basic system
and retrofit costs. Fixed and variable O&M costs were assuned
to be negligible.

6.3.1.2 Mdel Plants Results. The capital cost, busbar
cost, and cost effectiveness for the ten wall- and
tangentially-fired nodel boilers are presented in table 6-6
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An economic life of 20 years and a NOy reduction efficiency
of 45 percent were assuned for all of the nodel boilers. For
the 600 MWV basel oad wall-fired boiler, the estimted cost
ef fectiveness ranges from $175 to $279 per ton of NO renoved.
For the 100 MW peaking wall-fired boiler, the estinated cost
ef fectiveness ranges from $2,000 to $3, 200 per ton.

Cost per ton of NOy renpved with LNB on tangenti al
boilers is lower than LNB on wall-fired boil ers because of
| ower capital cost associated with LNCFS |. The cost
ef fectiveness for the 600 MNtangentially-fired boiler ranges
from $105 to $169 per ton. For the 100 MV peaki ng
tangentially-fired boiler, cost effectiveness ranges from
$1,120 to $1, 800 per ton.

6.3.1.3 Sensitivity Analysis. The effect of plant
characteristics (retrofit factor, boiler size, capacity
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factor, and econonmic life) on cost effectiveness and busbar
cost for wall-fired boilers is shown in figure 6-3
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Figure 82
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Figure 6-4 presents the sensitivity of cost effectiveness

Figure 83
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in
figure 6-4, because equal percent changes in uncontrolled NO
and NOy reductions result in equival ent changes in cost
ef fectiveness, these two curves overlap. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $400 per ton of NOy renpved and
0.90 m |l s/ kWh.

O the plant characteristics, the variation of capacity
factor from 10 to 70 percent has the greatest inpact on cost
ef fecti veness and busbar cost. The cost effectiveness val ue
and busbar cost are inversely related to capacity factor, and
t hus, as capacity factor decreases, the cost effectiveness
val ue and busbar cost increase. This is especially noticeable
at | ow capacity factors where a decrease of 75 percent in the
reference plant's capacity factor (from 40 percent to
10 percent) results in an increase in the cost effectiveness
val ue and busbar cost of nearly 300 percent.

Variations in economic life and boiler size follow a
trend simlar to capacity factor, but do not cause as great a
change in cost effectiveness and busbar cost. For exanple, a
decrease of 75 percent in economc life (from20 to 5 years)
results in an increase in the plant's cost effectiveness val ue
and busbar cost of nearly 125 percent. Simlarly, a decrease
of 75 percent in boiler size (from400 to 100 MN results in
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an increase in the plant's cost effectiveness value and busbar
cost of nearly 80 percent.

Variation in the retrofit factor from1l.0 to 1.6 causes
the smal |l est rel ative percent change in cost effectiveness and
busbar cost. Increases of 0.1 in the retrofit factor cause a
| i near increase of approximately 8 percent in the cost
ef fecti veness val ue and busbar cost.

Uncontrol |l ed NOt, NOy reduction, and heat rate all
exhibit an inverse relationship with the cost effectiveness
val ue. As nentioned above, equal percentage changes in
uncontrol | ed NOk and NOy reduction result in equival ent
changes in cost effectiveness. A decrease of 30 percent in
either of the parameters results in a 50 percent increase in
the cost effectiveness value. Heat rate also exhibits an
i nverse relationship with the cost effectiveness val ue,
however, since the potential relative change in heat rate is
| ess than the potential variation in the NO¢ characteristics,
t he i npact on cost effectiveness is not as great.

The effect of plant characteristics (retrofit factor,
boil er size, capacity factor, and economc life) on cost
ef fecti veness and busbar cost for tangentially-fired boilers
is shown in figure 6-5

6- 545



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

Figure 84
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Figure 6-6 presents the sensitivity of cost effectiveness

Figure 85
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $240 per ton of NOy renpved and
0.41 mlls/kw. The cost effectiveness val ue and busbar cost
for LNB applied to tangentially-fired boilers are | ower than
for LNB on wall-fired boilers because of |ower capital costs
associated with tangentially-fired boilers. The sensitivity
curves follow the sanme general trends as with LNB applied to
wal | -fired boilers. 1In contrast to the curves for LNB applied
to wall-fired boilers, uncontrolled NO¢ and NOy reduction do
not overlap for tangentially-fired boilers due to the
difference in relative percent changes in the two paraneters.
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6.3.2 Low NOy Burners with Advanced Overfire Air

Cost estimates for LNB + ACFA technol ogy are presented
for coal-fired wall and tangential boilers. Estinmated NO
reductions and capital costs for AOFA by itself are 40 to
50 percent of the levels expected fromLNB + ACFA. As a
result, busbar costs for AOFA by itself are estimated at 40 to
50 percent of the cost estimates in this section for LNB +
ACFA and cost effectiveness values are estimated to
approxi mately equal those for LNB + ACFA.

6.3.2.1 Costing Procedures. There were limted cost
data avail able on LNB + AOFA applied to wall-fired boilers.
Therefore, as explained in appendix A 4, the basic system cost
al gorithmfor LNB + AOFA was devel oped based on a relative
price differential between LNB and LNB + AOFA. Based on the
data avail able, the LNB basic system cost al gorithm was
adj usted so that LNB + ACFA costs are approxi mately 75 percent
hi gher than LNB al one. The scaling factor was derived from
the LNB + AOFA cost estimates.

Costing procedures for LNB + ACFA applied to
tangentially-fired boilers (LNCFS I11) were based on cost
estimates obtained from 14 units, ranging in size from124 to
905 MW These data are sumari zed i n appendi x A 5.

The basic system cost coefficients used in equation 6-1
for wall-fired LNB + ACFA systens were cal cul ated to be a=552,
b=-0.50, based on the adjustments of the LNB cost al gorithm
For tangentially-fired LNB + ACFA systens, the cost
coefficients were calculated to be a=247 and b=-0.49, based on
t he avail abl e cost data di scussed above.

Retrofit costs for tangentially-fired LNB + ACFA systens
ranged from 14 to 65 percent of the basic systemcost, with a

mean of 30 percent. This corresponds to a nmean retrofit
factor of 1.30. This retrofit factor was assuned to apply to
wal | -fired LNB + ACFA systens as well. For the nodel plant
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anal ysis, low, medium and high retrofit factors of 1.0, 1.3,
and 1.6 were used.
I ndirect costs ranged from 20 to 45 percent of total
direct costs for tangentially-fired LNB + AOFA systens. Based
on this, an indirect cost factor of 1.30 was assuned for the
cost procedures for both tangentially-fired and wall-fired
systens. Fixed and variable O&M costs were assuned to be

negl i gi bl e.
6.3.2.2 Model Plants Results. The capital cost, busbar
cost, and cost effectiveness for the ten wall- and

tangentially-fired nodel boilers are presented in table 6-7
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An economic life of 20 years and a NOy reduction efficiency
of 50 percent were assuned for all of these boilers. For the
600 MV basel oad wal | -fired boiler, the estinmated cost
ef fectiveness ranged from $269 to $430 per ton of NOk renoved.
For the 100 MW peaking wall-fired boiler, the estinated cost
ef fectiveness ranges from $3,420 to $5,470 per ton.

Cost per ton of NOk renoved with LNB + ACFA is | ower for
the tangentially-fired units due to the | ower capital cost of
LNCFS I11. Cost effectiveness for the tangentially-fired
units ranged from $165 to $264 per ton for the 600 MV basel oad
unit and $2,060 to $3,300 per ton for the 100 MW peaking unit.

6.3.2.3 Sensitivity Analysis. The effect of plant
characteristics (retrofit factor, boiler size, capacity
factor, and economic life) on cost effectiveness and busbar
cost for wall-fired boilers is shown in figure 6-7
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Figure 86
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Figure 6-8 presents the sensitivity of cost effectiveness

Figure 87
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $630 per ton of NOy renpved and
1.6 mlIls/kwW. The sensitivity curves follow the same general
trends as with LNB applied to coal-fired wall boilers (refer
to section 6.3.1.3).

The effect of plant characteristics (retrofit factor,
boil er size, capacity factor, and economic life) on cost
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ef fectiveness and busbar cost for tangentially-fired boilers
is shown in figure 6-9
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Figure 88
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Figure 6-10 presents the sensitivity of cost effectiveness

Figure 89
6- 562



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost-effectiveness and busbar
cost are approxi mately $390 per ton of NOy renpved and
0.74 mlls/kwW. The cost effectiveness val ues and busbar
costs for LNB + ACFA applied to tangentially-fired boilers are
| oner than for LNB + AOFA on wall-fired boil ers because of
| oner capital costs associated with tangentially-fired
boilers. The sensitivity curves follow the sanme general
trends as with LNB applied to coal-fired wall boilers (refer
to section 6.3.1.3).
6.3.3 Natural Gas Reburn

Cost estimates for natural gas reburn (NGR) are presented
for coal-fired wall, tangential, and cyclone boilers in this
section.

6.3.3.1 Costing Procedures. Limted cost data on NGR
for coal-fired boilers were obtained fromvendor and utility
guestionnai re responses. Cost data on reburn were subnmtted
for one 75 MNplant in response to the questionnaire, and a
vendor provided installation costs for a 33 MWand 172 MV
unit. These data are summarized in appendix A 6. A
regression on the data showed a high degree of scatter and no
obvi ous costing trend. Therefore, the reburn costs were based
upon the 172 MW unit, whose size is nore representative of
nost utility boilers.

The econony of scale was assuned to be 0.6 for the reburn
basic cost algorithm Using this assunption, the cost
coefficients in equation 6-1 for reburn are a=229 and b=-0. 40.
The cost of installing a natural gas pipeline was not included
In the anal ysis because it is highly dependent on site
specific paraneters such as the unit's proximty to a gas |line
and the difficulty of installation.
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The vendor questionnaire indicated that the retrofit of
natural gas reburn would cost 10 to 20 percent nore than a
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reburn systemapplied to a new boiler. Fromthis, the
retrofit factor was assuned to be 1.15. However, for the
sensitivity analysis, the retrofit factor was varied from1.0
to 1.6 to account for different retrofit difficulties on
specific boilers.

The indirect costs were estimated to be 40 percent of the
total direct cost, corresponding to an indirect cost factor of
1. 40.

Annual O&M costs were the total of the additional fuel
costs caused by the higher price of natural gas versus coa
and utility savings on sulfur dioxide (SOp) credits, caused by
| ower SOy em ssion | evels when using natural gas reburn on a
coal -fired boiler. The analysis was conducted assuni ng
18 percent of the total heat input was fromnatural gas. The
SOy credit was assuned to be $200 per ton of SOp, equal to
$0. 24/ MVBt u based on a coal -sul fur content of 1.5 percent.

Refer to appendix A.6 for a summary of the costing data
and procedures.

6.3.3.2 Mdel Plants Results. The capital cost, busbar
cost, and cost effectiveness for the 15 wall-, tangentially-,

and cyclone-fired nodel boilers are presented in table 6-8
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An economic life of 20 years and a NOy reduction efficiency
of 55 percent were assuned for all of these boilers. The fuel
price differential was varied from$0.50 to $2. 50/ MVBtu. For
the 600 MWV basel oad wall-fired boiler, the estimted cost
effectiveness ranges from $480 to $2, 080 per ton of NOy
renoved. For the 100 MW peaking wall-fired boiler, the
esti mated cost effectiveness ranges from $3,010 to
$4, 600 per ton.

Cost per ton of NOy renoved with reburn is higher for the
tangentially-fired units due to the | ower baseline NO
em ssions. Cost effectiveness for the tangentially-fired
units ranges from $615 per ton to $2,680 per ton for the
600 MW basel oad unit and $3,870 per ton to $5,930 per ton for
the 100 MW peaking unit.
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Cost per ton of NOk renoved is |ower for cyclone-fired
boilers than for wall-fired boil ers because of higher baseline
NO¢ for cyclone-fired boilers. For the 600 MV basel oad
cycl one boiler, cost effectiveness ranges from $290 to
$1, 250 per ton and for the 100 MN peaking boil er, cost
ef fectiveness ranges from $1,810 to $2, 720 per ton.

6.3.3.3 Sensitivity Analysis. The effect of plant
characteristics (retrofit factor, boiler size, capacity
factor, and economic life) and fuel price differential on cost
effectiveness and busbar cost for wall-fired boilers is shown
in figure 6-11

6- 569



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

Figure 90
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Figure 6-12 presents the sensitivity of cost effectiveness

Figure 91
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown, the
reference boiler's cost effectiveness and busbar cost are
approxi mately $1,400 per ton of NOy renoved and 3.8 m || s/ kWh.

O the paraneters shown in figure 6-11, the variation of
capacity factor from10 to 70 percent and variation of fuel
price differential from $0.50 to $2.50/ MMBtu have the greatest
i npact on cost effectiveness and busbar cost. The cost
ef fectiveness val ue and busbar cost are inversely related to
capacity factor, and thus, as capacity factor decreases, the
cost effectiveness val ue and busbar cost increase. This is
especially noticeable at | ow capacity factors where a decrease
of 75 percent in the reference plant's capacity factor (from
40 percent to 10 percent) results in an increase in the cost
ef fectiveness val ue and busbar cost of approxi mately
100 percent.

The cost effectiveness value and busbar cost are linearly
related to fuel price differential. An increase or decrease
of $1.00/MvBtu in the fuel price differential conpared to the
reference plant cause a correspondi ng change in cost
ef fectiveness and busbar cost of approxinmately 50 percent.

Variations in economc life and boiler size follow a
trend simlar to capacity factor, but do not cause as great a
change in cost effectiveness and busbar cost. For exanple, a

6-572



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

6-573



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)
decrease of 75 percent in economc life (from20 to 5 years)
results in an increase in the plant's cost effectiveness val ue
and busbar cost of nearly 45 percent. Simlarly, a decrease
of 75 percent in the boiler size (from400 to 100 MN results
in an increase in the plant's cost effectiveness val ue and
busbar cost of nearly 25 percent.

Variation in the retrofit factor from1l.0 to 1.6 causes
the smal |l est relative percent change in cost effectiveness and
busbar cost. Increases of 0.1 in the retrofit factor cause a
| i near increase of approximately 6 percent in the cost
ef fecti veness val ue and busbar cost.

O the paraneters shown in figure 6-12, the variation of
uncontrolled NOk fromO0.6 to 1.2 | b/ MVBtu has the greatest
i mpact on cost effectiveness. Uncontrolled NO¢ |evels exhibit
an inverse relationship wth the cost effectiveness value. A
30-percent decrease in the reference plant's uncontrol |l ed NO
level (0.9 to 0.6 |b/MVWBtu) results in an increase in the cost
ef fecti veness value of 50 percent. Variations in the NO
reduction from45 to 65 percent and heat rate from9, 200 to
12,800 Btu/ kwh have | ess than a 6-percent change in cost
ef fecti veness.

The effect of plant characteristics (retrofit factor,
boil er size, capacity factor, and economc |ife) and fuel
price differential on cost effectiveness and busbar cost for
tangentially-fired boilers is shown in figure 6-13
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Figure 92
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Figure 6-14 presents the sensitivity of cost effectiveness

Figure 93
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown, the
reference boiler's cost effectiveness and busbar cost are
approxi mately $1,800 per ton of NOy renoved and 3.8 m || s/ kWh.
The cost effectiveness value for natural gas reburn applied to
tangentially-fired boilers is generally higher than for
natural gas reburn on wall-fired boilers, because of the | ower
uncontrol l ed NOk | evels of tangentially-fired boilers. The
sensitivity curves follow the sane general trends as with
natural as reburn applied to wall-fired boilers.
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The effect of plant characteristics (retrofit factor,
boi l er size, capacity factor, and econonmic life) and fuel
price differential on cost effectiveness and busbar cost for
cyclone-fired boilers is shown in figure 6-15
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Figure 94
6- 580



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

Figure 6-16 presents the sensitivity of cost effectiveness

Figure 95
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown, the
reference boiler's cost effectiveness and busbar cost are
approxi mately $840 per ton of NOy renoved and 3.8 m || s/ kW.
The cost effectiveness value for natural gas reburn applied to
cyclone-fired boilers is |lower than for natural gas reburn on
wal | -fired boilers because of higher uncontrolled NOy |evels
of cyclone-fired boilers. The sensitivity curves follow the
same general trends as with natural gas reburn applied to
wal | -fired boilers.

6.4 COMBUSTI ON MODI FI CATI ONS FOR NATURAL GAS- AND O L- FI RED
BA LERS

This section presents the capital cost, busbar cost, and
cost effectiveness estimtes for operational nodifications
(with LEA + BOOS used as an exanple), LNB, LNB + AOFA, and
reburn applied to natural gas- and oil-fired boilers. Cost
estimates for ACFA by itself are included with the discussion
of LNB + ACFA.

6.4.1 Qperational Mdifications

6.4.1.1 Costing Procedures. Cost estimates for LEA +
BOOS as an exanpl e of operational nodifications were prepared
for natural gas- and oil-fired wall and tangential boilers.

The only capital costs required for inplenenting LEA +
BOOS are costs for em ssions and boiler efficiency testing to
determ ne the optimal fuel and air settings. The cost of a
4-week testing and tuning period was estimated at $75, 000.
There are no retrofit costs associated with LEA + BOCS.

I ndirect costs were estimated at 25 percent of the direct
costs.

Bur ners-out - of -servi ce al one can decrease boiler
efficiency by up to 1 percent, which ultimtely increases
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annual fuel costs. An average efficiency |oss of 0.3 percent
has been reported. *®
For the nodel plant analysis, LEA + BOOS was assuned to

cause a 0.1, 0.3, and 0.5 percent loss in boiler efficiency.
O her O&M costs were assuned to be negligi bl e.

6.4.1.2 Mdel Plants Results. The capital cost, busbar
cost, and cost effectiveness for the ten wall- and
tangentially-fired nodel boilers are presented in table 6-9
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For all of these boilers, an economic life of 20 years and

a NOy¢ reduction efficiency of 40 percent were assuned. For
the 600 MWV basel oad wall-fired boiler, the estimted cost
ef fectiveness ranges from $43 to $202 per ton of NO¢ renoved.
For the 100 MW peaking wall-fired boiler, the estinated cost
ef fectiveness ranges from $140 to $299 per ton.

Cost per ton of NOy renoved for tangential units is
hi gher than for wall-fired units due to | ower uncontrolled NO
| evel s and, therefore, fewer tons of NO¢ renoved. The cost
ef fectiveness values for the tangentially-fired units ranges
from$71 to $336 per ton for the 600 MV boiler and $234 to
$498 for the 100 MW peaking boiler.

6.4.1.3 Sensitivity Analysis. The effect of plant
characteristics (boiler size, capacity factor, and econonic
life) and boiler efficiency on cost effectiveness and busbar
cost for wall-fired boilers is shown in figure 6-17
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Figure 96
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Figure 6-18 presents the sensitivity of cost effectiveness

Figure 97
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in
figure 6-18, because equal percent changes in boiler size and
capacity factor result in equival ent changes in cost
ef fectiveness, these two curves overlap. As shown in both
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $130 per ton of NOy renpved and
0.14 m || s/ kWh.

O the paranmeters shown in figure 6-17, the variation of
efficiency loss fromO0.0 to 0.6 percent has the greatest
i npact on cost effectiveness and busbar cost. The cost
ef fectiveness val ue and busbar cost are linearly related to

6- 589



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

6- 590



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

6- 591



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)
fuel price differential. A 0.1 percent boiler efficiency |oss
results in an increase in the cost effectiveness val ue and
busbar cost of 30 percent.

Variations in boiler size, capacity factor, and economc
life follow simlar trends, and have | ess inpact on cost
ef fectiveness and busbar cost than fuel price differential.

For exanple, a decrease of 75 percent in boiler size and
capacity factor result in an increase in the plant's cost

ef fectiveness val ue and busbar cost of approximtely

20 percent. A decrease of 75 percent in economic life result
in an increase of the plant's cost effectiveness val ue and
busbar cost of |ess than 10 percent.

O the paraneters shown in figure 6-18, the variation of
uncontrolled NOt fromO0.2 to 0.8 | b/ MMBtu has the greatest
i mpact on cost effectiveness. Uncontrolled NOt roughly
exhibits a inverse relationship with the cost effectiveness
value. A 60 percent decrease in the reference plant's
uncontrolled NO level (0.5 to 0.2 I b/MVBtu) results in an
increase in the cost value effectiveness of 60 percent.

Variations in the NOt reduction follow a trend simlar to
uncontrol | ed NOy, but do not cause as great a change in cost
ef fectiveness. For exanple, a decrease of 25 percent in NO
reduction (fromd40 to 30 percent) results in an increase in
the plant's cost effectiveness val ue and busbar cost of nearly
30 percent. Variation in heat rate has very little effect
upon cost effectiveness.

The effect of plant characteristics (boiler size,
capacity factor, and economc life) and boiler efficiency |oss
on cost effectiveness and busbar cost for tangentially-fired
boilers is shown in figure 6-19
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Figure 98
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Figure 6-20 presents the sensitivity of cost effectiveness

Figure 99
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in
figure 6-20, because equal percent changes in boiler size and
capacity factor result in equival ent changes in cost
ef fectiveness, these two curves overlap. As shown in both
figures, the reference
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boiler's cost effectiveness and busbar cost are approxi mately
$200 per ton of NOyx renoved and 0.14 mlls/kW. The cost
ef fectiveness values for LEA + BOCS applied to tangentially-
fired boilers is higher for LEA + BOOS than on wall-fired
boi |l ers because of the | ow uncontrolled NO | evels of
tangentially-fired boilers. The sensitivity curves follow the
same general trends as with LEA + BOOS applied to wall-fired
boi | ers.
6.4.2 Low NO¢ Burners

Cost estimates for LNB technol ogy are presented for
natural gas- and oil-fired wall and tangential boilers in this
section. Estimated NOy reductions and capital costs for ACFA
by itself are 40 to 50 percent of the |evels expected from LNB
+ AOFA. As a result, busbar cost for ACFA by itself are
estimated at 40 to 50 percent of the cost estimates in this
section for LNB + AOFA and cost effectiveness values are
estimated to approxi mately equal those for LNB + ACFA

6.4.2.1 Costing Procedures. Cost data fromthe utility
guestionnaire for LNB applied to natural gas- and oil-fired
wal | boilers were limted to an installed cost for one oil -
fired wall unit. The data fromthis unit were conbined with
literature estinmates of installed costs for two natural gas-
and oil-fired boilers.® These three data points were then
conpared to installed costs for coal-fired wall LNB systens
assumng a retrofit factor of 1.15. As discussed in
appendi x A. 8, these data suggest that installed costs for
natural gas- and oil-fired boilers are equal to the costs for
coal-fired boilers. As a result, the LNB basic system cost
algorithmfor coal-fired wall boilers was used to estinate the
costs for natural gas- and oil-fired LNB systens. Thus, the
basi ¢ system cost coefficients in equation 6-1 were a=220 and
b=-0.44 for wall-fired LNB systens.
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For LNB applied to natural gas- and oil-fired tangenti al
boil ers, no cost data were avail able. Because of simlarities
bet ween LNB technol ogy applied to all fossil fuels, the costs
for LNB on natural gas- and oil-fired tangential boilers were
assurmed to be equal to costs associated with LNB applied to
coal -fired tangential boilers. Thus, the basic system cost
coefficients in equation 6-1 were a=80 and b=-0.40 for
tangentially-fired LNB systens. Because specific data on
scope adders for gas- and oil-fired units were not avail abl e,
the retrofit factors for coal-fired boilers of 1.0, 1.3, and
1.6 were used for the nodel plant analysis. Indirect costs
were estimated at 30 percent of basic systemand retrofit
costs. Fixed and variable O&M costs were assuned to be

negl i gi bl e.
6.4.2.2 Mdel Plants Results. The capital cost, busbar
cost, and cost effectiveness for the ten wall- and

tangentially-fired nodel boilers are presented in table 6-10
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An economic life of 20 years and a NOy reduction efficiency
of 45 percent were assuned for all of these boilers. For the
600 MV basel oad wal | -fired boiler, the estinmated cost
ef fectiveness ranges from $314 to $503 per ton of NO renoved.
For the 100- MW peaking wall-fired boiler, the estinated cost
ef fectiveness ranges from $3,600 to $5, 750 per ton.

Cost per ton of NOk renpved with LNB on
tangentially-fired boilers is |ower than LNB on wall-fired
boi | ers because of the lower capital cost with LNCFS I. For
the 600 MW basel oad tangentially-fired boiler, the cost-
ef fectiveness ranges from $246 to $394 per ton. For the 100
MV peaki ng tangentially-fired boiler, cost effectiveness
ranges from $2,620 to $4, 190 per ton.

6.4.2.3 Sensitivity Analysis. The effect of plant
characteristics (retrofit factor, boiler size, capacity
factor, and economic life) on cost effectiveness and busbar
cost for wall-fired boilers is shown in figure 6-21
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Figure 100
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Figure 6-22 presents the sensitivity of cost effectiveness

Figure 101
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in these
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $720 per ton of NOy renpved and
0.89 mlls/kwW. The sensitivity curves follow the sane
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general trends as with LNB applied to coal-fired wall boilers
(refer to section 6.3.1.3).
The effect of plant characteristics (retrofit factor,
boi l er size, capacity factor, and economic life) on cost
ef fectiveness and busbar cost for tangentially-fired boilers
is shown in figure 6-23
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Figure 102
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Figure 6-24 presents the sensitivity of cost effectiveness

Figure 103
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $560 per ton of NOy renpved and
0.41 mlls/kw. The cost effectiveness val ues and busbar
costs for LNB applied to tangentially-fired boilers are | ower
than for LNB on wall-fired boilers because of |ower capital
costs associated with tangentially-fired boilers. The
sensitivity curves follow the sane general trends as with LNB
applied to coal-fired wall boilers (refer to section 6.3.1.3).
6.4.3 Low NOy Burners with Advanced Overfire Air

Cost estinmates for LNB + AOFA technol ogy were prepared
for natural gas- and oil-fired wall and tangential boilers.

6.4.3.1 Costing Procedures. No cost data were avail able
on LNB + ACOFA technol ogy applied to natural gas- and oil-fired

wal | and tangential units. However, because of the simlarity
bet ween LNB technol ogy applied to all fossil fuels, costs for
LNB + AOFA on natural gas- and oil-fired boilers were assuned
to be equal to the costs for LNB + AOFA technol ogy on coal -
fired boilers. Thus, the basic systemcost coefficients in
equation 6-1 were a=552 and b=-0.40 for wall-fired LNB + ACFA
systens and a=247 and b=-0.49 for tangentially-fired

LNB + AOFA systens. Due to the |lack of actual cost data, the
specific scope adders for natural gas- and oil-fired boilers
could not be estimated. As a result, the sane scope adder
costs for coal-fired units were assuned to be applicable to
natural gas- and oil-fired boilers. Therefore, the retrofit
factors are 1.0, 1.3, and 1.6. Indirect costs were estimated
at 30 percent of basic systemand retrofit costs. Fixed and
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vari abl e O&M costs were assuned to be negligible.
6.4.3.2 Mdel Plants Results. The capital cost, busbar
cost, and cost effectiveness for the ten wall- and
tangentially-fired nodel boilers are presented in table 6-11
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An economic life of 20 years and a NOy reduction efficiency
of 50 percent were assuned for all of these boilers. For the
600 MV basel oad wal | -fired boiler, the estinmated cost-
ef fectiveness ranges from $483 to $774 per ton of NOk renoved.
For the 100- MW peaking wall-fired boiler, the estinated cost
effectiveness ranges from $6, 160 to $9, 850 per ton.

Cost per ton of NOk renoved with LNB + ACFA is | ower for
tangentially-fired units due to the | ower capital cost of
LNCFS I11. For the 600- MV basel oad tangentially-fired boiler,
the cost effectiveness ranges from $384 to $615 per ton. For
the 100 MW peaking tangentially-fired boiler, cost
effectiveness ranges from $4,810 to $7,690 per ton.

6.4.3.3 Sensitivity Analysis. The effect of plant
characteristics (retrofit factor, boiler size, capacity
factor, and economic life) on cost effectiveness and busbar
cost for wall-fired boilers is shown in figure 6-25
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Figure 104
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Figure 6-26 presents the sensitivity of cost effectiveness

Figure 105
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $1, 200 per ton of NOk renoved and
1.6 mlIls/kwW. The sensitivity curves follow the same general
trends as with LNB applied to coal-fired wall boilers (refer
to section 6.3.1.3).

The effect of plant characteristics (retrofit factor,
boil er size, capacity factor, and economic life) on cost
ef fectiveness and busbar cost for tangentially-fired boilers
is shown in figure 6-27
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Figure 106
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Figure 6-28 presents the sensitivity of cost effectiveness

Figure 107
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi nately $900 per ton
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of NOy renoved and 0.74 mlls/kwW. The cost effectiveness
val ue and busbar cost for LNB + AOFA applied to tangentially-
fired boilers are Iower than for LNB + ACFA on wal I -fired
boi |l ers because of |ower capital costs associated with
tangentially-fired boilers. The sensitivity curves follow the
same general trends as with LNB applied to coal-fired wal
boilers (refer to section 6.3.1.3).
6.4.4 Natural Gas Reburn

Cost estimates for NGR were prepared for wall and
tangential oil-fired boilers.

6.4.4.1 Costing Procedures. No actual cost data were
received fromutilities or vendors for reburn applied to oil -
fired boilers. Because of the general simlarity between the
application of reburn to both oil- and coal-fired boilers, the
capital cost procedures that were used for coal-fired boilers
were also used for oil-fired boilers. Therefore, the
coefficients in equation 6-1 are a=243 and b=-0.40. The
retrofit factor and indirect cost factor were estimated to be
1.15 and 1.40, respectively.

Al t hough the national average price of fuel oil is higher
per mllion Btu than natural gas, there are regions of the
country (e.g., New England) where fuel oil is the |ess
expensive fuel. As a result, fuel oil is the primary boiler
fuel in these areas. |In these situations, natural gas reburn
can be used as an economnmic option to reduce NOk em ssions.

For the econonic analysis of natural gas reburn on oil-fired
boilers, a price differential between these two fuels of $0.50
to $2.50/ MMBtu was assuned. To account for the | ower sulfur
content of natural gas conpared to fuel oil, a credit for
reduced SOy emi ssions of $200 per ton was used. Based on a
fuel oil sulfur content of 1.0 percent, this credit equates to
approxi mately $0.16/ MMBtu of natural gas fired.
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6.4.4.2 Mdel Plants Results. The capital
cost, and cost effectiveness for the ten wall -
tangential ly-fired nodel

cost, busbar
and
boilers are presented in table 6-12
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An economic life of 20 years and a NOy reduction efficiency
of 55 percent were assuned for all of these boilers. For the
600 MV basel oad wal | -fired boiler, the estinmated cost
effectiveness ranges from $950 to $3,560 per ton of NOy
renoved. For the 100 MW peaking wall-fired boiler, the
esti mated cost effectiveness ranges from $5,080 to $7, 690 per
t on.

Cost per ton of NOk renopved with natural gas reburn on
tangentially-fired boilers is higher than that of wall-fired
boi | ers because of | ower baseline NO; em ssions for
tangentially-fired boilers. For the 600 MV basel oad
tangentially-fired boiler, the cost effectiveness ranges from
$1,580 to $5,940 per ton. For the 100 MW peaking
tangentially-fired boiler, cost effectiveness ranges from
$8,460 to $12,800 per ton.

6.4.4.3 Sensitivity Analysis. The effect of plant
characteristics (retrofit factor, boiler size, capacity

factor, and econonmic life) and fuel price differential on cost
ef fectiveness and busbar cost for wall-fired boilers is shown
in figure 6-29
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Figure 108
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Figure 6-30 presents the sensitivity of cost effectiveness

Figure 109
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown, the
ref erence boilers cost effectiveness and busbar cost are
approxi mately $2, 700 per ton of NOy renoved and 4.0 m || s/ kWh.
The sensitivity curves follow the same general trends as for
natural gas reburn applied to coal-fired wall boilers (refer
to section 6.3.3.3).

The effect of plant characteristics (retrofit factor,
boil er size, capacity factor, and economic life) and fuel
price differential on cost effectiveness and busbar cost for
tangentially-fired boilers is shown in figure 6-31
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Figure 110
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Figure 6-32 presents the sensitivity of cost effectiveness

Figure 111
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to NOy em ssion characteristics (uncontrolled NOk | evel and

NOy
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reduction efficiency) and heat rate. As shown, the reference
boiler's cost effectiveness and busbar cost are approxi mately
$4, 450 per ton of NO¢ renopved and 4.0 mlls/kW. The cost
ef fectiveness val ues for natural gas reburn applied to
tangentially-fired boilers is generally higher than for
natural gas reburn on wall-fired boilers because of the | ower
uncontroll ed NOt | evels of tangentially-fired boilers The
sensitivity curves follow the sane general trends as for
natural gas reburn applied to coal-fired wall boilers (refer
to section 6.3.3.3).
6.5 FLUE GAS TREATMENT CONTROLS

This section presents the capital cost, busbar cost, and
cost-effectiveness estimates for flue gas treatnent controls
on fossil fuel boilers. Costs for SNCR are given in
section 6.5.1 and costs for SCR are in section 6.5.2. Costs
for conbining LNB + SNCR are presented in section 6.5.3 and
the cost of LNB + OFA + SCR are given in section 6.5.4.
6.5.1 Selective Noncatalytic Reduction

Cost estimates for SNCR technol ogy are presented in this
section for coal-fired wall, tangential, cyclone, and FBC

boilers, and for natural gas- and oil-fired wall and
tangential boilers. Because the cost estimates for a | ow
ener gy, urea-based SNCR system were found to be conparable in
cost to a high-energy NHz-based SNCR system results are only
presented for the | ow energy, urea-based SNCR system

6.5.1.1 Costing Procedures. Vendor cost estinmates were
used to devel op the capital cost algorithns. Each boiler was
assunmed to have two levels of wall injectors and one |evel of
| ance injectors. Since FBC units are typically smaller and
have different operating characteristics than wall -,

tangential -, or cyclone-fired boilers, these units have a
greater |ikelihood of needing |less than three |evels of
injectors. |If two levels of injectors were elimnated on the
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FBC units, cursory analysis indicates that |evelized
t echnol ogy costs coul d decrease 40 percent.

The injected urea solution was assuned to be 10 percent
urea by weight, 90 percent dilution water. The nornalized
stoichionetric ratio (NSR) was assunmed to be 1.0. Sinplified
algorithnms in the formof equation 6-1 were devel oped fromthe
capital cost estimates. The capital cost coefficients for the
three coal-fired boilers were nearly identical, therefore,
a=32 and b=-0.24 was used to characterize the costs for al
three. Simlarly, the cost coefficients for both natural gas-
and oil-fired boilers were nearly identical, and coefficients
of a=31 and b=-0.25 were used to characterize costs for both.

Vendor cost estinmates were also used to estinmate fixed
Q&M costs. The costs for an SNCR system i ncl ude operating,
mai nt enance, supervisory |abor, and mai ntenance naterial s.

Fi xed O&M costs were found to be independent of fuel type.
Sinplified algorithnms in the formof equation A5

(appendi x A. 1) were devel oped fromthe vendor estimates.'® The
boil ers had fixed O&%M cost coefficients of a=85, 700 and

b=-0. 21.

Vari abl e O&M costs include the urea solution (chem ca
costs), energy |losses due to mxing air, energy |osses due to
t he vaporization of the urea solution, dilution water, and
el ectricity costs necessary to operate the air conpressor and
ot her m scel | aneous equi pnent. The chem cal costs were
estimated by determ ning the anmount of urea that had to be
injected as a function of the baseline NOy em ssion |evels and
the assuned NSR of 1.0. The anpunt of urea injected was
mul tiplied by solution price to determ ne the chem cal cost.
The amount of urea injected was al so used to determ ne the
energy loss to the injected solution. This energy | oss was
mul tiplied by the fuel cost to determ ne the costs.
Electricity costs were determned as a function of unit size
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and reagent injection rate. Appendix A 10 presents the
equation for calculating urea cost.

Aretrofit factor of 1.0 was assuned for the anal ysis
based upon the assunption that the retrofit of SNCR has few
scope adders and work area congestion is not a significant
factor for retrofitting the technology (refer to
section 6.1.1.2). The indirect cost factor was assuned to be
1.3. However, due to the Iimted SNCR applications on boilers
wi th generating capabilities of over 200 MW the indirect
costs on these units nay be a greater percentage of total
direct costs then on smaller units.

6.5.1.2 Mdel Plants Results.

6.5.1.2.1 Coal-fired nodel plants. The capital cost,
busbar cost, and cost effectiveness for the 20 coal -fired
wal |, tangential, cyclone, and FBC boilers are presented in
table 6-13
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An economic life of 20 years and a NOy reduction efficiency
of 45 percent were assuned for all of these boilers. The urea
price for each boiler was varied from $140 to $260 per ton for
a 50-percent urea solution. For the 600 MV basel oad wal | -
fired boiler, the estimted cost effectiveness ranges from
$560 to $870 per ton of NOk renobved. For the 100 MW peaki ng
wal | -fired boiler, the estimted cost effectiveness ranges
from $2,160 to $2,470 per ton.

Cost per ton of NOk renpved with SNCR on tangentia
coal -fired boilers is higher than wall-fired boil ers because
of lower uncontrolled NOk for tangentially-fired boilers.

Cost effectiveness for the 600 MN basel oad tangentially-fired
boi |l er ranges from $610 to $910 per ton. For the 100 MN
peaki ng tangentially-fired boiler, cost effectiveness ranges
from $2,660 to $2,960 per ton.

Cost per ton of NOy renoved with SNCR on cycl one boilers
is lower than wall- and tangentially-fired boilers because of
hi gher uncontrolled NO; for cyclone boilers. Cost
ef fectiveness for the 600 MV basel oad cycl one boil er ranges
from $510 to $820 per ton and for the 100 MW peaki ng cycl one
boil er, cost effectiveness ranges from $1, 460 to $1, 780 per
t on.

Cost per ton of NOk renpved with SNCR on an FBC boiler is
hi gher than wall-, tangentially- and cyclone-fired boilers due
to the | ower uncontrolled NO; | evels on FBC boilers as
conpared to the other three types of boilers. Cost
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ef fectiveness for the 200 MN basel oad FBC boil er ranges from
$1,520 to $1,820 per ton. For the 50 MNcycling FBC boiler,
cost effectiveness ranges from $5, 100 to $5,410 per ton.

6.5.1.2.2 Natural gas- and oil-fired nodel plants. The
capital cost, busbar cost, and cost effectiveness for the
10 natural gas- and oil-fired wall and tangential nodel
boilers are presented in table 6-14.
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An economic life of 20 years and a NOy reduction efficiency
of 35 percent were assuned for all of these boilers. For the
600 MV basel oad wal | -fired boiler, the estinmated cost
effectiveness ranges from $859 to $1, 240 per ton of NOy
renoved. For the 100 MW peaking wall-fired boiler, the
esti mated cost effectiveness ranges from $4,470 to $4, 850 per
t on.

Cost per ton of NOk renpved with SNCR on tangentia
boilers is higher than wall-fired boilers because of | ower
baseline NO; for the tangentially-fired boilers. Cost
ef fectiveness for the 600 MN basel oad tangentially-fired
boi l er ranges from $1,070 to $1,430 per ton. For the 100 MV
peaki ng tangentially-fired boiler, cost effectiveness ranges
from$7,090 to $7, 450 per ton

6.5.1.3 Sensitivity Analysis

6.5.1.3.1 Coal-fired boiler sensitivity analysis. The
effect of plant characteristics (boiler size, capacity factor,

and economc life) and urea solution on cost effectiveness and
busbar cost for wall-fired boilers is shown in figure 6-33
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Figure 112
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Figure 6-34 presents the sensitivity of cost effectiveness

Figure 113
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $820 per ton of NOy renpved and
1.8 mlls/kw.

O the paranmeters shown in figure 6-33, the variation of
capacity factor from 10 to 70 percent has the greatest inpact
on cost effectiveness and busbar cost. The cost effectiveness
val ue and busbar cost are inversely related to capacity
factor, and thus, as capacity factor decreases, the cost
ef fecti veness val ue and busbar cost increase. This is
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especially noticeable at | ow capacity factors where a decrease
of 75 percent in the reference plant's capacity factor (from
40 percent to 10 percent) results in an increase in the cost
ef fectiveness val ue and busbar cost of nearly 90 percent.

Variations in economic life and boiler size follow a
trend simlar to capacity factor, but do not cause as great a
change in cost effectiveness and busbar cost. For exanple, a
decrease of 75 percent in economc life (from20 to 5 years)
results in an increase in the plant's cost effectiveness val ue
and busbar cost of approximtely 30 percent. Simlarly, a
decrease of 75 percent in the boiler size (from400 to 100 MN
results in an increase in the plant's cost effectiveness val ue
and busbar cost of nearly 25 percent.

Cost effectiveness shown in figure 6-34, the variation of
NOyx reduction from30 to 60 percent has the greatest inpact on
cost effectiveness. Variation in NOg reduction is inversely
related to cost effectiveness and busbar cost. A 50-percent
decrease in the reference plant's NOk reduction (45 to
30 percent) results in an increase in the cost effectiveness
val ue of approximately 50 percent. Variations in the
uncontrol |l ed NOk | evel and heat rate have less than a
5-percent change in cost effectiveness.

The effect of plant characteristics (boiler size,
capacity factor, and economic life) and urea solution price on
cost effectiveness and busbar cost for tangentially-fired
boilers is shown in figure 6-35
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Figure 114
6- 654



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

Figure 6-36 presents the sensitivity of cost effectiveness

Figure 115
6- 655



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $900 per ton of NOy renpved and
1.6 mlIls/kwWw. The cost effectiveness val ues of SNCR applied
to tangentially-fired boilers are slightly higher than for
SNCR on wal | -fired boilers because of |ower uncontrolled NO
| evel s of tangentially-fired boilers, although the busbar cost
is | ess because of the smaller ampbunt of urea that nust be
injected to
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achi eve an equi val ent percent NO¢ reduction. The sensitivity
curves follow the sanme general trends as with SNCR applied to
wal | -fired boilers.
The effect of plant characteristics (boiler size,
capacity factor, and economic |life) and urea solution price on
cost effectiveness and busbar cost for cyclone boilers is
shown in figure 6-37
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Figure 116
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Figure 6-38 presents the sensitivity of cost effectiveness

Figure 117
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $730 per ton of NOy renpved and
2.7 mlls/kw. The cost effectiveness val ues and busbar cost
for SNCR applied to cyclone-fired boilers are |ower than for
SNCR on wal |l -fired boilers because of higher uncontrolled NOy
| evel s of cyclone-fired boilers. The sensitivity curves
foll ow the same general trends as with SNCR applied to wall -
fired boilers.

The effect of plant characteristics (boiler size,
capacity factor, and economc life) and urea solution price on
cost effectiveness and busbar cost for FBC boilers is shown in
figure 6-39
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Figure 118
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Figure 6-40 presents the sensitivity of cost effectiveness

Figure 119
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $1, 700 per ton of NOk renoved and
0.81 mlls/kwWwh. The cost effectiveness values for SNCR
applied to FBC boilers is higher than SNCR on wall-fired
boi | ers because of |ower uncontrolled NOk |evels of FBC
boi l ers, although the busbar cost is | ess because of the
smal | er ampbunt of urea that nust be injected to achieve
equi val ent percent NOy reductions. The sensitivity curves
foll ow the same general trends as with SNCR applied to
wal | -fired boilers.
6.5.1.3.2 Natural gas- and oil-fired boiler sensitivity
analysis. The effect of plant characteristics (boiler size,
capacity factor, and economc life) and urea solution price on
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cost effectiveness and busbar cost for wall-fired boilers is
shown in figure 6-41
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Figure 120
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Figure 6-42 presents the sensitivity of cost effectiveness

Figure 121
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $1,300 per ton of NOk renoved and
1.2 mlls/kwW. The cost effectiveness values for SNCR applied
to natural gas- and oil-fired wall boilers is higher than for
SNCR on coal -fired wall boilers because of |ower uncontrolled
NO¢ | evels of natural gas- and oil-fired boilers, although the
busbar cost is | ess because of the smaller anpunt of urea that
must be injected to control NO;. The sensitivity curves
foll ow the sane general trends as with SNCR applied to coal -
fired wall boilers.

The effect of plant characteristics (boiler size,
capacity factor, and economic life) and urea solution price on
cost effectiveness and busbar cost for tangentially-fired
boilers is shown in figure 6-43
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Figure 122
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Figure 6-44 presents the sensitivity of cost effectiveness

Figure 123
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $1, 600 per ton of NOk renoved and
0.95 mlls/kwWwh. The cost effectiveness values for SNCR
applied to tangentially-fired boilers are higher than SNCR on
wal | fired boilers because of |ower uncontrolled NOt |evels of
tangentially-fired boilers, although the busbar cost is |ess
because of smaller anobunt of urea that nmust be injected to
control NO¢. The sensitivity curves follow the same general
trends as with SNCR applied to coal-fired wall boilers.
6.5.2 SCR

Cost estimates for SCR technology are presented in this
section for coal-fired and natural gas- and oil-fired wall and
tangential boilers. |In addition, estimates are presented for
SCR applied to cyclone-fired coal boilers.
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6.5.2.1. Costing Procedures. Based on outputs from
Integrated Air Pollution Control System (1APCS)', sinplified
algorithnms in the formof equation 6-1 were devel oped to
estimate capital costs. The SCR basic system cost
coefficients for each of the five boiler types are:

Fuel Boi l er type a b
Coal Val | 174 -0. 30
Tangent i al 165 -0.30
Cycl one 196 -0.31
Ql/Gas Wal | 165 -0.324
Tangent i al 156 - 0. 329

Catal yst price, which has a significant inpact on capital
costs, was estimated to be $400/ft3 for coal-, natural gas-,
and oil-fired boilers. Catalyst life was assuned to be 3
years for coal-fired boilers and 6 years for natural gas- and
oil-fired boilers. Catalyst volunes for coal-fired boilers
were assunmed to be double the volunme of oil-fired boilers and
approximately six times larger than the volunme of natural gas-
fired boilers.

Fi xed operating and mai nt enance costs for an SCR system
i ncl ude operating, maintenance, supervisory |abor and
mai nt enance materials and overhead. Variable O&M costs are
ammoni a, catal yst replacenent, electricity, water, steam and
catal yst disposal. The I APCS nodel was used to estinmate fixed
and variable O&M costs, and details on these cal cul ations are
provi ded in appendi x A 11.

The followi ng factors affect the retrofit difficulty and
costs of an SCR system

. Congestion in the construction area from exi sting
bui | di ngs and equi prent.
. Under ground el ectrical cables and pipes.
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. The |l ength of ductwork required to connect the SCR
reactor vessels to the existing ductwork.

Due to the lack of actual installation cost data, an EPA
anal ysis of SCR costs were used to estimate retrofit factors.
This reference estimates retrofit factors of 1.02 (low), 1.34
(noderate), and 1.52 (high), based on data obtained from hot -
side SCRretrofits on German utility boilers. For the nodel
pl ant anal ysis, a noderate retrofit factor of 1.34 was used.
Indirect costs were assuned to be 45 percent of the process
capital. For the application of SCR to boilers burning
medium to high-sulfur coals, indirect costs may be greater
than 45 percent of the process capital, due to factors
di scussed in chapter 5.

6.5.2.2 Mdel Plants Results

6.5.2.2.1 Coal-fired nodel plants. The capital cost,
busbar cost, and cost effectiveness for the 15 coal-fired
wal |, tangential, and cyclone boilers are presented in
tabl e 6-15

17
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An economic life of 20 years and a NOy reduction efficiency
of 80 percent and a space velocity of 2,500/ hr were assuned
for all of these boilers. For the 600 MN basel oad wall-fired
boiler, the estimted cost effectiveness ranges from $1, 270 to
$1,670 per ton of NOk renobved. For the 100 MW peaki ng wall -
fired boiler, the estimted cost effectiveness ranges from
$7,540 to $9, 650 per ton.

Cost per ton of NOy renpved with SCR on
tangentially-fired boilers is higher than wall-fired boilers
because of | ower uncontrolled NO |l evels for tangentially-
fired boilers. Cost effectiveness for the 600 MN basel oad
tangentially-fired boiler ranges from$1,580 to $2,100 per
ton. For the 100 MW peaki ng tangentially-fired boiler, cost
ef fectiveness ranges from $9,470 to $12, 200 per ton.

Cost per ton of NOk renopved with SCR on cyclone-fired
boilers is lower than wall-fired boil ers because of higher
uncontrolled NOy |evels for cyclone-fired boilers. Cost
ef fectiveness for the 600 MN basel oad cycl one-fired boil er
ranges from $810 to $1, 050 per ton and for the 100 MN cycl one
boil er, cost effectiveness ranges from $4,670 to $5, 940 per
ton.

6.5.2.2.2 Natural gas and oil-fired nodel plants. The
capital cost, busbar cost, and cost effectiveness for the
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10 natural gas- and oil-fired wall and tangential nodel
boilers are presented in tables 6-16
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NOy reduction efficiency of 85 percent were assuned for all of
these boilers. Space velocities of 14,000/ hr and 5, 000/ hr
were assunmed for natural gas-fired boilers and oil-fired
boil ers, respectively. Cost per ton of NO¢ renoved with SCR
on natural gad-fired boilers is lower than oil-fired boilers
because of smaller catal yst volumes for natural gas-fired
boi | ers.

For the 600 MN basel oad wall-fired boilers, the estinated
cost effectiveness ranges from $970 to $1, 070 per ton of NOy
renoved for the natural gas-fired boilers and $1, 130 to $1, 410
per ton of NOyx renoved for the oil-fired boilers. For the
100 MW peaki ng natural gas- and oil-fired wall boilers, the
esti mated cost effectiveness ranges from $6, 700 to $7, 200 per
ton and $7,550 to $8,990 per ton, respectively.

Cost per ton of NOy renopved with SCR on tangentially-
fired boilers is higher than wall-fired boilers because of
| ower uncontrolled NOk |evels for tangentially-fired boilers.
Cost effectiveness for the 600 MV basel oad tangentially-fired
boi |l er ranges from $1,530 to $1,690 per ton for the natura
gas-fired boilers and $1,800 to $2,260 per ton of NOy renoved
for the oil-fired boilers. For the 100 MN peaki ng nat ur al
gas- and oil-fired tangential boilers, cost effectiveness
ranges from $10,800 to $11, 700 per ton and $12,200 to $14, 600
per ton, respectively.

6.5.2.3 Sensitivity Anal ysis

6.5.2.3.1 Coal-fired boiler sensitivity analysis. The
effect of plant characteristics (retrofit factor, boiler size,
capacity factor, and economc life) and catalyst |ife on cost
effectiveness and busbar cost for wall-fired boilers is shown
in figure 6-45
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Figure 6-46 presents the sensitivity of cost effectiveness

Figure 125
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost
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ef fectiveness and busbar cost are approxi mately $2, 000 per ton
of NOy renobved and 8.1 m ||l s/kWh.

O the paranmeters shown in figure 6-45, the variation of
capacity factor from10 to 70 percent has the greatest inpact
on cost effectiveness and busbar cost. The cost effectiveness
val ue and busbar cost exhibit a nearly inverse relationship
with capacity factor, and thus, as capacity factor decreases,
the cost effectiveness value and busbar cost increase. This
is especially noticeable at | ow capacity factors where a
decrease of 75 percent in the reference plant's capacity
factor (from40 to 10 percent) results in an increase in the
cost effectiveness val ue and busbar cost of over 250 percent.

Variations in catalyst life, economc |life, and boiler
size follow a trend simlar to capacity factor, but do not
cause as great a change in cost effectiveness and busbar cost.
For exanple, a decrease of 33 percent of the catalyst life
(from 3 years to 2 years) increases the cost effectiveness
approximately 25 percent. Simlarly, a decrease of 75 percent
in economc life (from20 to 5 years) results in an increase
in the plant's cost effectiveness val ue and busbar cost of
approxi mately 50 percent, and a decrease of 75 percent in the
boiler size (from400 to 100 MN results in an increase in the
plant's cost effectiveness val ue and busbar cost of nearly
25 percent.

The cost effectiveness val ue and busbar cost are linearly
related to retrofit factor. An increase or decrease of 0.3
fromthe reference plant's retrofit factor of 1.3 causes a
correspondi ng change in the cost effectiveness val ue and
busbar cost of |ess than 5 percent.

O the paranmeters shown in figure 6-46, the variation of
uncontrolled NOk fromO0.6 to 1.2 | b/ MMBtu has the greatest
i mpact on cost effectiveness. Variation in NO¢ reduction
exhibits an inverse relationship to cost effectiveness. A
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33 percent decrease in the reference plants uncontrol |l ed NO
(from0.9 to 0.6 I b/MVBtu) results in an increase in the cost
ef fecti veness val ue of approxi mtely 50 percent.

Variation in the heat rate from9,200 to 12,800 Btu/ kW
follows a trend simlar to the variation in uncontrolled NO.
A 16-percent decrease in heat rate (11,000 to 9,200 Btu/kWwh)
results in an increase of cost effectiveness of approxinately
20 percent. Potential variations in the NOt reduction
efficiency of the systemresult in |l ess than a 5-percent
change in cost effectiveness.

The effect of plant characteristics (retrofit factor,
boil er size, capacity factor, and economc life) and catal yst
life on cost effectiveness and busbar cost for tangentially-
fired boilers is shown in figure 6-47
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Figure 6-48 presents the sensitivity of cost effectiveness

Figure 127
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $2,600 per ton of NOk renoved and
7.9 mlls/kWh. The cost effectiveness values and busbar cost
for SCR applied to tangentially-fired boilers are higher than
for SCR on wall-fired boilers because of |ower uncontrolled
NO; levels for tangentially-fired boilers, although the busbar
cost is slightly lower for tangentially-fired boilers because
of the | ower capital and O&M costs. The sensitivity curves
foll ow the same general trends as with SCR applied to wall -
fired boilers.

The effect of plant characteristics (retrofit factor,
boil er size, capacity factor, and economc |life) and catal yst
life on cost effectiveness and busbar cost for cyclone-fired
boilers is shown in figure 6-49
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Figure 6-50 presents the sensitivity of cost effectiveness

Figure 129
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency) and heat rate. As shown in the
figures, the reference boiler's cost effectiveness and busbar
cost are approxi mately $1,300 per ton of NOk renoved and
8.5 m|ls/kwW. The cost effectiveness val ues and busbar cost
for SCR applied to cyclone-fired boilers are | ower than for
wal | -fired boilers because of higher uncontrolled NOy |evels
for cyclone-fired
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boi l ers, although the busbar cost is slightly higher for
cyclone-fired boilers of the higher capital and O%M costs.
The sensitivity curves follow the sanme general trends as with
SCR applied to wall-fired boilers.

6.5.2.3.2 Natural gas- and oil-fired boiler sensitivity
analysis. The effect of plant characteristics (retrofit
factor, boiler size, capacity factor, and economc life) and
catalyst life on cost effectiveness and busbar cost for wall -
fired boilers is shown in figures 6-51
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Figures 6-53 and 6-54 present the sensitivity of

and 6-52.
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cost effectiveness to NOy em ssion characteristics
(uncontrolled NOt | evel and NOy¢ reduction efficiency) and heat
rate. As shown in the figures, the natural gas-fired
reference boiler's cost effectiveness and busbar cost are
approxi mately $1,450 per ton of NOy renoved and 3.4 ml|s/kWh
and the oil-fired reference boilers cost effectiveness and
busbar cost are approxi mately $1, 750 per ton on NOy renoved
and 4.1 mlls/kWh. The cost effectiveness val ue and busbar
cost for SCR applied to natural gas-fired boilers are | ower
than for oil-fired boilers because of the snmaller catalysts
vol unes on natural gas-boilers. Simlarly, cost effectiveness
and busbar cost for SCR applied to natural gas- and oil-fired
wal | boilers are lower than for the coal-fired wall boilers
because of the snaller catal yst vol unmes and expected | onger
catalyst life on natural gas- and oil-fired boilers. The
sensitivity curves follow the sane general trends as with SCR
applied to coal-fired wall boilers.

The effect of plant characteristics (retrofit factor,
boi l er size, capacity factor, and economic life) and catal yst
life on cost effectiveness and busbar cost for natural gas-
and oil-fired tangential boilers is shown in figures 6-55
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Figures 6-57 and 6-58 present the sensitivity of

and 6-56.
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cost effectiveness to NOy em ssion characteristics
(uncontrolled NOt | evel and NOy¢ reduction efficiency) and heat
rate. As shown in the figures, the natural gas-fired
reference boiler's cost effectiveness and busbar cost are
approxi mately $2, 300 per ton of NOy renoved and 3.2 ml|s/kWh
and the oil -
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fired reference boiler's cost effectiveness and busbar cost
are approximately $2,800 per ton of NO; renoved and
4.0 m|ls/kw. The cost effectiveness val ue and busbar cost
for SCR applied to natural-gas fired boilers are | ower than
for oil-fired boilers because of the smaller catal yst vol unes
on natural-gas boilers. Sinmlarly, cost effectiveness and
busbar cost for SCR applied to natural gas- and oil-fired
tangential boilers are Iower than for the coal-fired
tangential boilers because of the smaller catal yst vol unes and
expected | onger catalyst |life on natural gas- and oil-fired
boilers. The sensitivity curves follow the sane genera
trends as with SCR applied to coal-fired wall boilers.
6.5.3 Low NO¢ Burners with Selective Non-Catalytic Reduction

Cost estimates for the conbination control of LNB + SNCR
are presented in this section for coal-fired and natural
gas- and oil-fired wall and tangential boilers.

6.5.3.1 Costing Procedures. To devel op the cost
al gorithns for the conbination control LNB + SNCR, the
i ndi vidual capital, variable O&8 and fixed O&M cost
algorithnms for LNB and SNCR were conbined. Refer to
sections 6.3.1, 6.4.2, and 6.5.1 for these costing procedures.

6.5.3.2 Mdel Plant Results.

6.5.3.2.1 Coal-fired nodel plants. The capital cost,
busbar cost, and cost effectiveness for the ten wall- and
tangentially-fired boilers are presented in table 6-18
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An economic life of 20 years and a NOy reduction efficiency
of 45 percent for LNB and 45 percent for SNCR were assumed for
all boilers. The urea price of each boiler was varied from
$140 to $260 per ton for a 50-percent urea solution. For the
600 MW basel oad boiler, the estimted cost effectiveness
ranged from $370 to $478 per ton of NO¢ renoved. For the
100 MW peaking wall-fired boiler, the estinmated cost
ef fectiveness ranges from $2, 750 to $2,860 per ton.

Cost per ton of NOy renpved with LNB + SNCR on
tangentially-fired boilers is slightly lower than for wall -
fired boilers because of |ower capital cost associated with
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LNB applied to tangentially-fired boilers. Cost effectiveness
for the 600 MW basel oad tangentially-fired boiler ranges from
$344 to $452 per ton. For the 100 MW peaking tangentially-
fired boiler, the estimted cost effectiveness ranges from
$2,420 to $2,530 per ton.

6.5.3.2.2 Natural gas- and oil-fired nodel plants. The
capital cost, busbar cost, and cost effectiveness for the ten
wal | - and tangentially-fired boilers are presented in
table 6-19
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An economic life of 20 years and a NOy reduction efficiency
of 45 percent for LNB and 35 percent for SNCR were assumed for
all boilers. The urea price of each boiler was varied from
$140 to $260 per ton for a 50-percent urea solution. For the
600 MW basel oad boiler, the estimted cost effectiveness
ranged from $585 to $697 per ton of NO¢ renoved. For the
100 MW peaking wall-fired boiler, the estinmated cost
ef fectiveness ranges from $5, 200 to $5, 300 per ton.

Cost per ton of NOy renpved with LNB + SNCR i s hi gher on
tangentially-fired boilers because of |ower uncontrolled NO
| evel s of these boilers. Cost effectiveness for the 600 MV
basel oad tangentially-fired boiler ranges from $641 to
$750 per ton. For the 100 MN peaking tangentially-fired
boiler, the estimted cost effectiveness ranges from $5,830 to
$5, 940 per ton.

6.5.3.3 Sensitivity Analysis.

6.5.3.3.1 Coal-fired boiler sensitivity analysis. The
effect of plant characteristics (retrofit factor, boiler size,

capacity factor, and economic life) and urea solution price on
cost effectiveness and busbar cost for wall-fired boilers is
shown in figure 6-59
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Figure 6-60 presents the sensitivity of cost effectiveness

CSgission characteristics and heat rate on LNB + SNCR

6- 725



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

to NOy em ssion characteristics (uncontrolled NOk | evel and
the NO¢ reduction efficiency of the LNB and SNCR systens) and
heat rate. As shown in the figures, the reference boiler's
cost effectiveness and busbar cost are approxi mately $620 per
ton of NO¢ renmoved and 2.1 m |l s/ kW.
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O the paraneters shown in figure 6-59, the variation of
capacity factor from 10 to 70 percent has the greatest inpact
on cost effectiveness and busbar cost. The cost effectiveness
val ue and busbar cost are inversely related to capacity
factor, and thus, as capacity factor decreases, the cost
ef fecti veness val ue and busbar cost increase. This is
especially noticeable at | ow capacity factors where a decrease
of 75 percent in the reference plant's capacity factor (from
40 to 10 percent) results in an increase in the cost
ef fectiveness val ue and busbar cost of nearly 200 percent.

Variations in economic life and boiler size follow a
trend simlar to capacity factor, but do not cause as great a
change in cost effectiveness and busbar cost. For exanple, a
decrease of 75 percent in economc life (from20 to 5 years)
results in an increase in the plant's cost effectiveness val ue
and busbar cost of approximtely 75 percent. Simlarly, a
decrease of 75 percent in boiler size (from400 to 100 MN
results in an increase in the plant's cost effectiveness val ue
and busbar cost of nearly 75 percent.

The cost effectiveness val ue and busbar cost are linearly
related to both retrofit factor and urea cost. An increase or
decrease of 0.3 in retrofit factor or $60 per ton in urea cost
conpared to the reference plant causes a correspondi ng change
in cost effectiveness and busbar cost of |ess than 5 percent.

O the paraneters shown in figure 6-60, the variation of
uncontrolled NOk fromO0.6 to 1.2 | b/ MVBtu has the greatest
i npact on cost effectiveness. Variation in NO¢ reduction
exhibits an inverse relationship to cost effectiveness. A
33-percent decrease in the reference plants uncontrol |l ed NO
(from0.9 to 0.6 I b/MVBtu) results in an increase in the cost
ef fectiveness val ue of approxi mately 35 percent.

Variation in the NOk reduction of LNB from30 to
60 percent follow a trend simlar to the variation in
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uncontrol | ed NOk. A 33-percent decrease of the NOy reduction

of the LNB results in an increase of cost effectiveness of

25 percent. Variation in the NO¢ reduction of the SNCR system

from30 to 60 percent follows a trend simlar to NOg reduction

of the LNB, but do not cause as great a change in cost

effectiveness. A 33-percent decrease in the NO reduction of

the SNCR systemresults in an increase in the cost

ef fecti veness val ue of approximately 15 percent. Variation in

heat rate from9,200 to 12,800 Btu/ kWh has nearly an identica

effect on cost effectiveness as the potential variation in NO

reduction by the SNCR system A 16-percent decrease in heat

rate (11,000 to 9,200 Btu/ kW) results in an equival ent

I ncrease of cost effectiveness val ue.

The effect of plant characteristics (retrofit factor,
boil er size, capacity factor, and economc life) and urea
solution price on cost effectiveness and busbar cost for
tangentially-fired boilers is shown in figure 6-61
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Figure 6-62 presents the sensitivity of cost effectiveness

CSgission characteristics and heat rate on LNB + SNCR
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to NOy em ssion characteristics (uncontrolled NOk | evel and
the NO¢ reduction efficiency of the LNB and SNCR systens) and
heat rate. As shown in the figures, the reference boiler's
cost effectiveness and busbar cost are approxi mately $560 per
ton of NO¢ renoved and 1.5 mi|ls/kW. The cost effectiveness
val ues and busbar cost for LNB + SNCR applied to tangentially-
fired boilers are slightly |lower than for LNB + SNCR on wal | -
fired boilers because of |ower capital cost associated with
LNB applied to tangentially-fired boilers. The sensitivity
curves follow the sanme general trends as with LNB + SNCR
applied to wall-fired boilers.
6.5.3.3.2 Natural gas- and oil-fired sensitivity
analysis. The effect of plant characteristics (retrofit
factor, boiler size, capacity factor, and econonmic life) and

urea solution price on cost effectiveness and busbar cost for
wal |l -fired boilers is shown in figure 6-63
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Figure 6-64 presents the sensitivity of cost effectiveness

CSgission characteristics and heat rate on LNB + SNCR
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to NOy em ssion characteristics (uncontrolled NOk | evel and
the NO¢ reduction efficiency of the LNB and SNCR systens) and
heat rate. As shown in the figures, the reference boiler's

cost effectiveness and busbar cost are approxi mately $1, 000
per ton
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of NOy renoved and 1.8 mlls/kW. Cost effectiveness for
LNB + SNCR applied natural gas- and oil-fired wall boilers are
hi gher than for LNB + SNCR applied to coal-fired wall boilers
because of | ower uncontrolled NOy | evels of natural gas- and
oil-fired boilers, although the busbar cost is | ess because of
the small er anbunt of urea that nust be injected to achi eve an
equi val ent percent NOy reduction. The sensitivity curves
foll ow the sane general trends as with LNB + SNCR applied to
coal -fired wall boilers.

The effect of plant characteristics (retrofit factor,
boil er size, capacity factor, and economc life) and urea
solution price on cost effectiveness and busbar cost for
tangentially-fired boilers is shown in figure 6-65

6- 740



PERFORMANCE OF SNCR ON CONVENTI ONAL U. S. UTILITY E

TABLE 5-14.

( Concl uded)

SSQUBA 1109 )8 1S09 HONS + GN7 U0 so11silJaloeieys e |d jo 10edu|

‘G9 -9 9 .Inpux

6-741



TABLE 5-14. PERFORMANCE OF SNCR ON CONVENTIONAL U. S. UTILITY E
( Concl uded)

Figure 6-66 presents the sensitivity of cost effectiveness

CSgission characteristics and heat rate on LNB + SNCR
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to NOy em ssion characteristics (uncontrolled NOk | evel and
the NO¢ reduction efficiency of the LNB and SNCR systens) and
heat rate. As shown in the figures, the reference boiler's
cost effectiveness and busbar cost are approximately $1, 100
per ton of NOy removed and 1.2 mlls/kW. The cost
ef fectiveness val ues of LNB + SNCR applied natural gas- and
oil-fired tangential boilers are higher than for LNB + SNCR
applied to natural gas- and oil-fired wall boilers because of
| omwer uncontrolled NOy |evels of tangentially-fired boilers,
al t hough the busbar cost is |ess because of the snaller anpunt
of urea that nust be injected to achi eve an equi val ent percent
NO¢ reduction. The sensitivity curves follow the sane genera
trends as with LNB + SNCR applied to coal-fired wall boilers.
6.5.4 Low NOy Burners with Advanced Overfire Air and
Selective Catalytic Reduction

Cost estimates for the conbination control of LNB +
AOFA + SCR are presented in this section for wall and
tangential coal-fired and natural gas- and oil-fired boilers.

6.5.4.1 Costing Procedures. The cost algorithns for LNB
+ AOFA + SCR wer e devel oped by conbi ni ng the individual
capital, variable &M and fixed O&M cost al gorithnms for each
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of the three technologies. Refer to sections 6.3.2, 6.4.3,
and 6.5.2 for these costing procedures.

6.5.4.2 Model Plant Results.

6.5.4.2.1 Coal-fired nodel plants. The capital cost,
busbar cost, and cost effectiveness for the ten wall- and
tangentially-fired boilers are presented in table 6-20
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An economic life of 20 years and a NOy reduction efficiency
of 50 percent for LNB + AOFA and 80 percent for SCR were
assunmed for all boilers. The catalyst price was estimated to
be $400/ft3 for each boiler, and an average retrofit factor of
1.34 was used. For the 600 MN basel oad boiler, the estinated
cost effectiveness ranged from $1, 300 to $1,660 per ton of NOy
renoved. For the 100 MW peaking wall-fired boiler, the
esti mated cost effectiveness ranges from $9,250 to $11, 100 per
ton.

Cost per ton of NOk renpved with LNB + ACFA + SCR on
tangentially-fired boilers is higher than for wall-fired
boilers due to the | ower baseline NO¢ | evels associated with
tangentially-fired boilers. Cost effectiveness for the 600 MV
basel oad tangentially-fired boiler ranges from $1,500 to
$1,970 per ton. For the 100 MW peaking tangentially-fired
boiler, the estinmted cost effectiveness ranges from$9,990 to
$12, 400 per ton.

6.5.4.2.2 Natural gas- and oil-fired nodel plants. The
capital cost, busbar cost, and cost effectiveness for the 10

wal | - and tangentially-fired boilers are presented in
table 6-21
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NOy reduction efficiency of 50 percent for LNB + ACFA and
85 percent for SCR were assuned for all boilers. The catalyst
price was estimated to be $400/ft3 for each boiler, and an
average retrofit factor of 1.34 was used. Space velocities
of 14,000/ hr and 5, 000/ hr were assumed for natural gas- and
oil-fired boilers, respectively. Cost per ton of NOk renoved
with SCR on oil-fired boilers is higher than natural gas-fired
boi | ers because of greater catalyst volune for oil-fired
boi | ers.
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For the 600 MW basel oad boiler, the estinmated cost
effectiveness ranged from $1, 200 to $1, 290 per ton of NO
renoved for the natural gas-fired boilers and $1,350 to $1, 610
per ton of NOy renoved for oil-fired boilers. For the 100 MV
peaki ng natural gas- and oil-fired wall boilers, the estinated
cost effectiveness ranges from $10,500 to $11, 000 per ton and
$11,300 to $12,700 per ton, respectively.

Cost per ton of NOk renopved with LNB + ACFA + SCR on
tangentially-fired boilers is higher than for wall-fired
boil ers due to the | ower baseline NO¢ | evels associated with
tangentially-fired boilers. Cost effectiveness for the 600 MV
basel oad tangentially-fired boilers range from $1,650 to
$1,800 per ton for the natural gas-fired boiler and $1,900 to
$2, 330 per ton of NOk renoved for oil-fired boilers. For the
100 MW peaki ng natural gas- and oil-fired tangential boilers,
the estimated cost effectiveness range from $13,400 to
$13, 200 per ton and $14,700 to $16, 900 per ton of NOk renoved
for oil-fired boilers.

6.5.4.3 Sensitivity Analysis

6.5.4.3.1 Coal-fired boilers sensitivity analysis. The
effect of plant characteristics (retrofit factor, boiler size,
capacity factor, and economc life) and catalyst |ife on cost
effectiveness and busbar cost for wall-fired boilers is shown
in figure 6-67
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Figure 6-68 presents the sensitivity of cost effectiveness

+egbﬁsion characteristics and heat rate on LNB + ACFA
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency for both LNB + ACFA and SCR) and heat
rate. As shown in the figures, the reference boiler's cost
ef fecti veness and busbar cost are approximately $2,120 per ton
of NOk renoved and 9.5 m || s/ kWh.

O the paranmeters shown in figure 6-67, the variation of
capacity factor from 10 to 70 percent has the greatest inpact
on cost effectiveness and busbar cost. The cost effectiveness
val ue and busbar cost exhibit an inverse relationship with
capacity factor, and thus, as capacity factor decreases, the
cost effectiveness value and busbar cost increase. This is
especially noticeable at | ow capacity factors where a decrease
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of 75 percent in the reference plant's capacity factor (from
40 to 10 percent) results in an increase in the cost
ef fectiveness val ue and busbar cost of nearly 300 percent.

Variations in catalyst life, econonmc life, and boiler
size follow a trend simlar to capacity factor, but do not
cause as great a change in cost effectiveness and busbar cost.
For exanple, a decrease of 33 percent of the catalyst life
(from 3 years to 2 years) increases the cost effectiveness
val ue approxi mtely 20 percent. Simlarly, a decrease of
75 percent in economic life (from20 to 5 years) results in an
increase in the plant's cost effectiveness value and busbar
cost of approximtely 60 percent, and a decrease of 75 percent
in the boiler size (from400 to 100 MN results in an increase
in the plant's cost effectiveness val ue and busbar cost of
nearly 35 percent.

The cost effectiveness val ue and busbar cost are linearly
related to retrofit factor. An increase or decrease of 0.3
fromthe reference plant's retrofit factor of 1.3 causes a
correspondi ng change in the cost effectiveness valu and busbar
cost of less than 10 percent.

O the paraneters shown in figure 6-68, the variation of
uncontrolled NOk fromO0.6 to 1.2 | b/ MVBtu has the greatest
i npact on cost effectiveness. Variation in NOg reduction
exhibits an inverse relationship to the cost effectiveness
val ue. A 33-percent decrease in the reference plants
uncontrolled NOk (fromO0.9 to 0.6 | b/MVBtu) results in an
increase in the cost effectiveness val ue of approximately
50 percent.

Variation in the heat rate from9,200 to 12,800 Btu/ kW
follows a trend simlar to the variation in uncontrolled NO.
A 16-percent decrease in heat rate (11,000 to 9,200 Bt u/ kWwh)
results in an increase of the cost effectiveness val ue of
approxi mately 20 percent. Potential variations in the NO
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reduction efficiency of LNB + AOFA or SCR result in | ess than
a 5 percent change in cost effectiveness.
The effect of plant characteristics (retrofit factor,
boi l er size, capacity factor, and economic life) and catal yst
life on cost effectiveness and busbar cost for tangentially-
fired boilers is shown in figure 6-69
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Figure 6-70 presents the sensitivity of cost effectiveness

+egbﬁsion characteristics and heat rate on LNB + ACFA
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to NOy em ssion characteristics (uncontrolled NOk | evel and
NOy reduction efficiency for both LNB + ACFA and SCR) and heat
rate. As shown in the figures, the reference boiler's cost
ef fectiveness and busbar cost are approximately $2,450 per ton
of NOk renoved and 8.5 mlls/kW. The cost effectiveness
values for LNB + ACFA + SCR applied to tangentially-fired
boilers are slightly higher than on wall-fired boil ers because
of | ower uncontrolled NOy |levels of tangentially-fired
boi l ers, although the busbar cost is | ower because of the
hi gher capital and O&M costs associated with LNB + ACFA + SCR
applied to wall-fired boilers. The sensitivity curves follow
t he sane general trends as with LNB + AOFA + SCR applied to
wal | -fired boilers.

6.5.4.3.2 Natural gas- and oil-fired boiler sensitivity
analysis. The effect of plant characteristics (retrofit
factor, boiler size, capacity factor, and econonmic life) and
catalyst life on cost effectiveness and busbar cost for
natural gas- and oil-fired wall boilers is shown in
figure 6-71
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and 6-72, respectively. Figures 6-73 and 6-74 presents the

| npact of plant characteristics on LNB + AOFA + SCR cost

Eéﬁ%&i%ﬁngﬁgracteristics and heat rate on LNB + ACFA

Fi gure 6-72.

e
+
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sensitivity of cost effectiveness to NOk emni ssion
characteristics (uncontrolled NO¢ | evel and NOy reduction
efficiency for both LNB + AOFA and SCR) and heat rate. As
shown in figures 6-71 and 6-72, the natural gas-fired
reference boiler's cost effectiveness and busbar cost are
approxi mately $1,900 per ton of NOy renoved and 4.8 m | s/ kWh
and the oil-fired reference boilers cost effectiveness and
busbar cost are approxi mately $2,200 per ton of NOk renoved
and 5.6 mlls/kWh. The cost effectiveness val ues and busbar
costs for LNB + ACFA + SCR applied to natural gas-fired
boilers are lower than for oil-fired boilers because of the
smal | er catal yst volunes on natural gas boilers. Simlarly,
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cost effectiveness values for LNB + AOFA + SCR applied to
natural gas- and oil-fired wall boilers are slightly higher
than on coal -fired wall boilers because of |ower uncontrolled
NO¢ | evels of natural gas- and oil-fired boilers, although the
busbar cost is | ower because of the smaller catal yst vol unes
and | onger catalyst life associated with SCR applied to
natural gas- and oil-fired boilers. The sensitivity curves
foll ow the sane general trends as with LNB + AOFA + SCR
applied to coal-fired wall boilers.

The effect of plant characteristics (retrofit factor,
boil er size, capacity factor, and economic life) and catal yst
life on cost effectiveness and busbar cost for tangentially-
fired boilers is shown in figures 6-75
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and 6-76. Figures 6-77 and 6-78 present the sensitivity of

| npact of plant characteristics on LNB + AOFA + SCR cost

e?gh§§i98ngggracteristics and heat rate on LNB + ACFA

Fi gure 6-76.
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cost effectiveness to NOy em ssion characteristics
(uncontrolled NOt | evel and NOy reduction efficiency for both
LNB + AOFA and SCR) and heat rate. As shown in figures 6-76
and 6-78, the natural gas-fired reference boiler's cost
ef fectiveness and busbar cost are approxi mately $2, 600 per ton
of NOy renoved and 3.9 mlls/kWh and the oil-fired reference
boil ers cost effectiveness and busbar cost are approximtely
$3, 000 per ton of NOy renopved and 4.6 m||s/kW. The cost
ef fecti veness val ue and busbar costs for LNB + AOFA + SCR
applied to natural gas-fired boilers are lower than for oil-
fired boilers because of the snaller catalyst vol unes on
natural gas boilers. Simlarly, cost effectiveness val ues for
LNB + AOFA + SCR applied to natural gas- and oil-fired
tangential boilers are slightly higher than on coal-fired wall
boi | ers because of |ower uncontrolled NOk | evels of natural
gas- and oil-fired boilers, although the busbar cost is |ower
because of the smaller catal yst volunes and | onger catal yst
life associated with SCR applied to natural gas- and oil-fired
boilers. The sensitivity curves follow the same general
trends as with LNB + AOFA + SCR applied to coal -fired wall
boilers. Tangentially-fired boilers are slightly higher than
on wal |l -fired boilers because of |ower uncontrolled NO¢ |evels
of
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tangentially-fired boilers, although the busbar cost is |ower
because of the higher capital and O%M costs associated with
LNB + AOFA + SCR applied to wall-fired boilers. The
sensitivity curves follow the sane general trends as with
LNB + AOFA + SCR applied to wall-fired boilers.
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TABLE 6-4. DESI GN AND OPERATI NG CHARACTERI STI CS OF MODEL BO LERS
Uncontrol | ed
Boi | er Capacity Heat rate, NO,
Fuel type Furnace type | capacity, MV factor, % Bt u/ kWh | b/ MVBt u

Coal Val | 100 10 12, 500 0.9
Coal Val | 100 65 10, 000 0.9
Coal Wl | 300 30 11, 000 0.9
Coal Val | 300 65 10, 000 0.9
Coal Wl | 600 65 10, 000 0.9
Coal Tangent i al 100 10 12,500 0.7
Coal Tangent i al 100 65 10, 000 0.7
Coal Tangent i al 300 30 11, 000 0.7
Coal Tangent i al 300 65 10, 000 0.7
Coal Tangent i al 600 65 10, 000 0.7
Coal Cycl one 100 10 12,500 1.5
Coal Cycl one 100 65 10, 000 1.5
Coal Cycl one 300 30 11, 000 1.5
Coal Cycl one 300 65 10, 000 1.5
Coal Cycl one 600 65 10, 000 1.5
Coal FBC 50 30 11, 000 0.19
Coal FBC 50 65 10, 000 0.19
Coal FBC 100 30 11, 000 0.19




TABLE 6-4. DESI GN AND OPERATI NG CHARACTERI STI CS OF MODEL BO LERS

( Concl uded)
Uncontrol | ed
Boi | er Capacity Heat rate, NO,
Fuel type Furnace type | capacity, MV factor, % Bt u/ kWh | b/ MVBt u

Coal FBC 100 65 10, 000 0.19
Coal FBC 200 65 10, 000 0.19
Gas/ O | Val | 100 10 12, 500 0.5
Gas/ O | Val | 100 65 10, 000 0.5
Gas/ O | N 300 30 11, 000 0.5
Gas/ QO | N 300 65 10, 000 0.5
Gas/ QO | Wl | 600 65 10, 000 0.5
Gas/ Q| Tangent i al 100 10 12,500 0.3
Gas/ Q| Tangent i al 300 30 11, 000 0.3
Gas/ Q| Tangent i al 100 65 10, 000 0.3
Gas/ Q| Tangenti al 300 65 10, 000 0.3
Gas/ Q| Tangenti al 600 65 10, 000 0.3




TABLE 6-8. COSTS FOR NGR APPLI ED TO COAL- FI RED BO LERS

Pl ant identification Total capital cost, $/kW| Busbar cost, m |l s/ kWwh Cost effectiveness, $/ton
Fuel price differential 0.50 1.50 2.50 0.5 1.50 2.50 0.50 1.50 2.50
($/ MVBt u)
Wall -fired Boilers@
100 MW Peaki ngP 58.0 58.0 58.0 8.44 10. 7 12.9 3,010 3,800 4,600
100 MW Basel oad® 58.0 58.0 58.0 1.69 3.49 5.29 753 1, 560 2,360
300 MW Cyclingd 38.0 38.0 38.0 2.22 4. 20 6.18 898 1,700 2,500
300 MW Basel oad 38.0 38.0 38.0 1.26 3.06 4.86 562 1, 360 2,170
600 MW Basel oad 29.0 29.0 29.0 1.07 2.87 4.67 478 1, 280 2,080
Tangentially-fired boilers®
100 MW Peaki ng 58.0 58.0 58.0 8.44 10.7 12.9 3,870 4,900 5,930
100 MW Basel oad 58.0 58.0 58.0 1.69 3.49 5.29 968 2,000 3,030
300 MW Cycling 38.0 38.0 38.0 2.22 4.20 6.18 1, 150 2,190 3,220
300 MW Basel oad 38.0 38.0 38.0 1.26 3.06 4.86 722 1,750 2,790
600 MW Basel oad 29.0 29.0 29.0 1.07 2.87 4.67 615 1, 650 2,680
Cyclone-fired boi | ersf
100 MW Peaki ng 58.0 58.0 58.0 8.46 10.7 13.0 1,810 2,290 2,770
100 MW Basel oad 58.0 58.0 58.0 1.71 3.51 5.31 456 938 1,420
300 MW Cycling 38.0 38.0 38.0 2.23 4.21 6.19 543 1,020 1, 510
300 MW Basel oad 38.0 38.0 38.0 1.28 3.08 4.88 342 823 1, 300
600 MW Basel oad 29.0 29.0 29.0 1.09 2.89 4.69 291 773 1, 250

@Uncontrol l ed NOy, levels of 0.90 | b/ MVBtu

wal |

-fired boilers.

bPeaking = 10 percent capacity factor.
CBasel oad = 65 percent

deyel

ing = 30 percent

capacity factor.
capacity factor.

and an NGR NOy reduction of 55 percent were used for



€Uncontrolled NOy levels of 0.70 | b/MvBtu and an NGR NOy reduction of 55 percent were used for
tangentially-fired boilers.

funcontrolled NOy levels of 1.5 Ib/MvBtu and an NGR NOy reduction of 55 percent were used for
cyclone-fired boilers.



TABLE 6-13. (COSTS FOR SNCR APPLI ED TO COAL- FI RED BO LERS
Pl ant Total capital cost, Busbar cost, Cost effectiveness,
identification $/ kW m |1 s/ kW $/ton
Urea cost, $/ton 140 200 260 140 200 260 140 200 260
Wall-fired boilers@
100 MWV Peakingb 14 14 14 5.47 5. 86 6. 25 2,160 2,320 2,470
100 MV Basel oadC€ 14 14 14 1.54 1.85 2.16 760 910 1,070
300 MW Cycl i ngd 10 10 10| 1.78| 2.12| 2.46 800 950 1, 100
300 MW Basel oad 10 10 10 1.25 1.56 1.86 610 770 920
600 MW Basel oad 9 9 9 1.14 1.45 1.76 560 720 870
Tangentially-fired boilers€
100 MW/ Peaki ng 14 14 14 5.23 5.53 5.83 2,660 2,810 2,960
100 MW Basel oad 14 14 14 1.35 1.59 1.83 860 1,010 1,160
300 MW Cycling 10 10 10 1.57 1.83 2.09 910 1, 060 1, 210
300 MW Basel oad 10 10 10 1.06 1.29 1.53 670 820 970
600 MW Basel oad 9 9 9 0. 95 1.19 1.43 610 760 910
Cycl one-fired boil ersf
100 MWV Peaki ng 14 14 14 6. 18 6. 84 7.50 1,460 1,620 1, 780
100 MN Basel oad 14 14 14 2.10 2.63 3.16 620 780 940
300 MN Cycling 10 10 10 2.40 2.98 3.56 650 800 960
300 MW Basel oad 10 10 10 1.81 2.34 2.87 540 690 850
600 MW Basel oad 9 9 9 1.71 2.23 2.76 510 660 820




TABLE 6-13. COSTS FOR SNCR APPLI ED TO CQAL- FI RED BO LERS ( Concl uded)

Pl ant Total capital cost, Busbar cost, Cost effectiveness,
identification $/ kW m |1 s/ kW $/ton

Urea cost, $/ton 140 200 260 140 200 260 140 200 260
FBC Boi |l ers9
50 M\ Cycling 16 16 16 2. 40 2. 47 2.54 | 5,100 | 5, 260 5,410
50 M\ Basel oad 16 16 16 1.20 1.26 1.33 2, 800 2, 950 3,110
100 MW Cycling 14 14 14 1. 66 1.74 1.81 3,540 | 3,690 3, 850
100 MW Basel oad 14 14 14| 0.86| 0.92 0.99 2,010 | 2,160 2,310
200 MW\ Basel oad 11 11 11| 0.65| 0.71| 0.78 1,520 1,670 1, 820

aUncontrol led NOk | evels of 0.90 | b/MVBtu and an SNCR NOk reduction of 45 percent were
used for wall-fired boilers.

bPeaking = 10 percent capacity factor.
CBasel oad = 65 percent capacity factor.
dCycling = 30 percent capacity factor.

€Uncontroll ed NOk levels of 0.70 | b/MVBtu and an SNCR NOy reduction of 45 percent were
used for tangentially-fired boilers.

fUncontrolled NO¢ Ievels of 1.5 I b/MBtu and an SNCR NOy reduction of 45 percent were
used for cyclone-fired boilers.

9Uncontroll ed NOk levels of 0.19 Ib/MvBtu and an SNCR NOy reduction of 45 percent were
used for FBC boilers.



7.0 ENVI RONMENTAL AND ENERGY | MPACTS OF NOy CONTROLS

This chapter presents the reported effects of conbustion
nodi fications and flue gas treatnent controls on boiler
performance and secondary em ssions fromnew and retrofit
fossil fuel-fired utility boilers. Since nost of these
effects are not routinely neasured by utilities, there are
limted data available to correlate boiler perfornmance and
secondary em ssions with nitrogen oxi des (NOy) em ssions or
NOy reduction. These effects are conbustion-rel ated and
depend upon unit-specific factors such as furnace type and
design, fuel type, and operating practices and restraints. As
a result, the data in this chapter should be viewed as genera
informati on on the potential effects of NO¢ controls, rather
than a prediction of effects for specific boiler types.

The effects of conbustion controls on coal-fired boilers,
both new and retrofit applications, are given in section 7.1.
The effects of conbustion controls on natural gas- and oil -
fired boilers are presented in section 7.2. The effects of
flue gas treatnment controls on conventional and fluidized bed
conbustion (FBC) boilers are given in section 7.3.

7.1 EFFECTS FROM COMVBUSTI ON CONTROLS ON COAL-FI RED UTILITY

BA LERS

Conbustion NOy controls suppress both thermal and fuel
NOy formation by reducing the peak flame tenperature and by
del aying m xing of fuel with the conbustion air. This can
result in a decrease of boiler efficiency and nust be
consi dered during the design of a NO¢ control systemfor any
new or retrofit application.
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In coal-fired boilers, an increase in unburned carbon
(UBC) indicates inconplete conbustion and results in a
reduction of boiler efficiency. The UBC can al so change the
properties of the fly ash and may affect the perfornmance of
the electrostatic precipitator. Hi gher UBC | evel s may nmake
the flyash unsal able, thus increasing ash disposal costs for
plants that currently sell the flyash to cenent producers.

O her conbustion efficiency indicators are carbon
monoxi de (CO and total hydrocarbon (THC) em ssions. An
increase in CO em ssions also signals inconplete conbustion
and can reduce boiler efficiency. Emssions of THC from coal -
fired boilers are usually |ow and are rarely neasured.

7.1.1 Retrofit Applications

7.1.1.1 Carbon Mnoxide Em ssions. The results from
conmbustion nodifications on coal-fired boilers are presented
in table 7-1.
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Car bon nonoxi de em ssions are presented for burners-out-of-
service (BOOS), advanced overfire air (ACFA), |ow NOk burners
(LNB), LNB + ACFA, and reburn. For several of these
applications, the data show i ncreased CO em ssions with
retrofit conmbustion controls. For other units, however, the
CO |l evel s after application of controls were equal to or |ess
than the initial |evels.

For the only reported BOOS application, the CO em ssions
i ncreased from 357 parts per mllion (ppm) to 392-608 ppm
The correspondi ng NOy reduction was 30 to 33 percent.

VWhile there were four units nentioned in section 5.1.2.3
t hat have NOy emission data fromretrofit AOFA, only one unit
(Hammond 4) had corresponding CO em ssions data. This unit is
an opposed-wall unit firing bitum nous coal. Data are
presented for different |oads prior to and after the retrofit
of an AOFA system The CO |levels prior to the retrofit of
ACFA range from 20 to 100 ppm over the |load range. Wth the
AOFA system the CO |l evel s decreased to an average of 15 ppm
across the | oad range. The NOy reduction was 10 to 25 percent
across the |load range. These data indicate a | arge decrease
in CO however, the CO levels were not routinely nonitored
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prior to the retrofit and the decrease nmay be attributable to
pl ant operating personnel taking action to reduce CO em ssions
after the retrofit.?

For the one tangential boiler with retrofit LNB (Lansing
Smith 2), the uncontrolled CO enissions were 12 to 15 ppm
while the CO emi ssions were 10 to 20 ppmw th the Low NOy
Concentric Firing System (LNCFS) Level | which incorporates
cl ose-coupl ed OFA (CCOFA). The correspondi ng NOy reduction
was 34 to 42 percent across the |oad range.

For all but two of the wall-fired boilers firing
bi t um nous coal with LNB, the reported uncontrolled CO
em ssions were 100 ppmor |less and the controll ed CO eni ssions
were 60 ppmor |ess. However, for Edgewater 4, the CO
i ncreased from 16 ppmup to 100 to 170 ppmfollowing retrofit
of LNB. At reduced |oad, Quindaro 2 reported a CO | evel of
95 ppmwith LNB. The CO | evel without LNB was not reported.
The | argest decrease in CO enissions was at the Hanmond 4
unit. However, as previously discussed, the CO level was not
routinely measured prior to the retrofit and the decrease may
be attributable to plant operating personnel taking action to
reduce the CO em ssions after the retrofit. For the one cell-
fired unit, J.M Stuart 4, the CO em ssions with LNB were
slightly higher than uncontrolled |evels at full-Iload and
internedi ate | oad. The CO em ssions were less with LNB at | ow
| oad. The correspondi ng NO reductions ranged from47 to
55 percent.

The Four Corners 4 unit, which converted fromcell firing
to an opposed-wall circular firing configuration, showed a
small increase in CO emssions with LNB when firing
subbi tum nous coal. The correspondi ng NO reduction for Four
Corners 4 ranged from6 to 57 percent across the | oad range.
Quindaro 2 was al so tested on subbitum nous coal and the CO
ranged from 50-70 ppm across the | oad range.
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There are four applications of LNB and ACFA on tangenti al
boilers shown in table 7-1. The LNB represented are the LNCFS
Levels Il and Il which incorporates separated OFA (SOFA) and
a conbi nati on of SCOFA and CCOFA, respectively. Three of these
units (Valnmont 5, Lansing Smth 2, and Cherokee 4) have the

LNCFS Il technology. For these units, the CO em ssions for
bot h uncontrolled and controlled conditions were | ess than
30 ppm For the one unit enploying LNCFS Il technol ogy

(Lansing Smth 2), the CO em ssions increased from
uncontrolled levels of 12 to 15 ppmup to controlled | evels of
22 to 45 ppm

One wall-fired boiler, Sanms 6, was originally a cell-
fired boiler and was retrofitted with LNB + OFA. At full-
| oad, the CO increased to nore than 225 ppm from basel i ne
| evel s of 17-25 ppm At reduced | oad, the CO al so i ncreased
al nost two-fold to 55 ppm The reason for the large in CO at
full-1oad was not reported. The NOy reduction was
approximately 65 percent. The one roof-fired boiler,

Arapahoe 4, reported decreases in CO and ranged from 12-38 ppm
with LNB + OFA. The NOy reduction ranged from 63-71 percent
across the | oad range.

For the tangentially-fired unit (Hennepin 1) with
retrofit reburn, the CO em ssions for both uncontrolled and
controlled conditions were 2 ppm Carbon nonoxi de data from
two cyclone units with reburn are also given in table 7-1.

One unit (Nel son Dewey 2), uses pul verized coal as the reburn
fuel while the other unit (Niles 1), uses natural gas as the
reburn fuel. The CO em ssions for the cyclone boilers
increased with the reburn system For Nelson Dewey 2, the CO
em ssions were 60 to 94 ppmw t hout reburn and 80 to 110 ppm
with reburn. The correspondi ng NO¢ reduction was 36 to

53 percent across the load range. For Niles 1, the CO

em ssions increased greatly from25 to 50 to 312 ppm at ful

| oad. At |lower |oads, the CO em ssions were still at elevated
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| evel s of 50 to 214 ppm The correspondi ng NOk reduction was
36 to 47 percent.

To sunmari ze, the CO em ssions may increase with retrofit
conbustion nodifications. However, as shown in table 7-1,
with few exceptions, the CO em ssions were usually |ess than
100 ppmwith retrofit conbustion controls.

7.1.1.2 Unburned Carbon Em ssions and Boiler Efficiency.
Table 7-2
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presents UBC and boiler efficiency data from 18 applications
of retrofit combustion NOy controls on coal -fired boilers.
For Hammond 4, the AOFA resulted in an increase of UBC two or
three tines the uncontrolled level. Uncontrolled |evels of
UBC at Hammond 4 ranged from 2.3 percent at low load to
5.2 percent at full load. Wth the ACFA, the UBC | evel s
increased to 7.1 percent at |low load and 9.6 percent at ful
| oad. The boiler efficiency at |ow | oad decreased by
0.7 percentage points and by 0.4 percentage points at ful
| oad. The correspondi ng NOk reduction with ACFA was

10 percent at |low | oad and 25 percent at full | oad.

For the tangential unit with LNCFS | technol ogy, Lansing
Smth 2, the UBC |l evels range from4.0 to 5.0 percent w thout
LNB and 4.0 to 5.3 percent with LNB. The boiler efficiency
with LNB decreased slightly to 89.6 percent.

The UBC fromall of the wall-fired boilers increased with
the retrofit of LNB and LNB with OFA. For Edgewater 4, the
uncontrolled UBC |l evels increased from2.7 to 3.2 percent to
6.6 to 9.0 percent with the LNB. The correspondi ng NO
reduction was 39 to 43 percent across the |oad range. The
boiler efficiency decreased by 1.3 percentages points at ful
|l oad with the LNB.

For Gaston 2, the UBC increased from5.3 to 6.3 percent
at lowload and 7.4 to 10.3 percent at full load. The
correspondi ng NO¢ reduction at Gaston 2 ranged from43 to
50 percent across the load range. Boiler efficiency data were
not available for this unit. For Hammond 4, the UBC increased
from2.3 to 5.8 percent at low load and 5.2 to 8.0 percent at
full load with LNB. Increased UBC | evels such as these could
limt the sale of fly ash to cenent producers that typically
require UBC levels of 5 percent or less. The correspondi ng
NOy reductions were 50 and 45 percent, respectively. The
boiler efficiency at Hammond 4 decreased from89.5 to
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88.1 percent at full load and from90 to 88.8 percent at |ow
| oad.

At Pl easants 2, the UBC increased from approxi mately
2.5 1to0 4.5 percent wwth a NO¢ reduction of 53 percent. Boiler
efficiency data were not avail able. The UBC |l evel at Four
Corners 4 increased fromO0.04 to 0.1